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1 Introduction and Background
1.1 Synthetic Biology and Polymersomes
One of the most important driving forces in science is to thoroughly understand natural pro-
cesses. Nature has the ability to conduct a whole variety of highly ecient and strictly organized
processes. In order to mimic such processes by synthetic means, it has become a well respected
strategy to rebuild natural structures out of wholly synthetic materials. Ideally, such materials
are then combined with natural components to access advantages from natural and synthetic
materials. The according area of research is called synthetic biology and is a growing inter-
disciplinary eld. [13]
Being the basic compartment of life, the biological cell has attracted special attention among
synthetic biologists. Here, it is essential to understand signaling pathways as well as compart-
mentalization as key components in the origin of life. [4,5] Especially the latter mentioned aspect
is prone to be explored by physicists and chemists in a non-biological environment in order to
understand the functionality and principles of work. [1,2] Once these principles are understood,
such articial compartments (or vesicles) can be used in a variety of elds. The most obvious
one is to deliver cargo specically to certain cell types and cell compartments in order to cre-
ate highly specialized drug delivery systems. [68] Another one is to study their behavior in an
articial environment in order to understand the full scope of their functionality. Every new
information discovered allows the use these synthetic vesicles in increasingly complex biological
systems and eventually replace a natural vesicle. Articial vesicles have the potential to replace
cell compartments to nally rebuild a functional cell from the scratch. These functional sys-
tems may not only be used in nanomedicine, but also in organic synthesis to nd short synthetic
routes for highly complex molecules. [911]
Generally, it is possible to create articial compartments, or vesicles, using natural compo-
nents such as lipids or proteins. [5,10,12,13] However, recent trends show that vesicles can also be
rebuilt using synthetic molecules, e.g. polymers. As it is well known, nature mainly uses lipo-
somes consisting of a phospholipid bilayer, e.g. a membrane, in order to form compartments,
such as cellular vesicles. The phospholipids used to form the membrane are of an amphiphilic
structure, they consist of a hydrophilic part (called head) and a hydrophobic part (called
tail). If one translates the mentioned structure onto polymers, amphiphilic macromolecules
consisting of a hydrophilic head and hydrophobic tail should now be able to form a polymer
bilayer. Consequently, such polymeric bilayers are able to form membranes like the phospholipid
counterparts do. If these membranes form a polymeric vesicle, they are now - in correspondence
to their biological counterparts - called polymersomes (gure 1.1). [6,1417]
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Figure 1.1: Polymersomes may be seen as the polymer analogue to liposomes, which are found
in biological cells. Both consist of amphiphilic molecules, which are able to form a
bilayer-based membrane of a vesicle.
1.2 Polymers for Polymersomes
Amphiphilic Block Copolymers
Over the past 15 years, polymersomes have been studied intensively. As previously mentioned,
amphiphilic block copolymers are needed to form polymeric vesicles. [18,19] However, amphiphilic
block polymers have been known for a long time and were used widely. Especially their use
as compatibilizer for solutions and polymer blends is very well known. As compatibilizers in
solutions they form micelles and lead to suspensions of the material to be dissolved. The same
principle is used when polymers are synthesized using emulsion polymerization. Amphiphilic
block copolymers form micelles to suspend a monomer insoluble in the host. Both examples
show that micellar structures of amphiphilic block copolymers are widely used.
In order to produce polymersomes by self-assembly ob block copolymers, the high curvature
of micelles had to be lowered for the formation polymersomes. [6,18,20] If the hydrophilic segment
of the polymer is relatively long, it needs much space in solution, an amount, which cannot
be covered as easily by a relatively short hydrophobic segment. The resulting curvature forces
micelles to be formed. Thus, it is reasonable to shorten the hydrophilic segment in comparison to
the hydrophobic segment. This procedure results in reduced curvature and eventually reaches
3
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n
Different amphiphilic block-copolymers (black = hydrophilic, grey = hydrophobic) and their self-assembly structures 
Increasing length of hydrophobic block leads to a decreased curvature in the corresponding self-assembly structure 
Micelle Micelle Polymersome Worm-like structure 
Figure 1.2: Amphiphilic block copolymers form dierent structures with increasing length of
the hydrophobic segment. The resulting curvature forces the formation of micelles,
polymersomes or worm-like structures.
a point, where no stable micelles can be formed. Since the inside lumen of the structure
has to be lled with water now, a bilayer structure is evolving. However, if the hydrophobic
segment becomes too long, small worm-like structures and more complex agglomerations are
formed (gure 1.2). [17,18,20] Hence, the hydrophilic to hydrophobic block length ratio is a
crucial point, when designing polymers for the production of polymersomes. Consequently, all
amphiphilic block copolymers created for the formation of polymersomes have an individual
optimal block length ratio. Additionally to the strategy to use diblock copolymers to form a
polymer-bilayer, the membrane may also consist of triblock copolymers forming a monolayer
membrane. However, triblock copolymers depend on a specic block length ratio of all three
blocks in order to form polymersomes, too. [2126]
Hydrophilic Polymers Used
Independent of the amount of blocks in the copolymers, the same polymers are used in all
systems. Since polymersomes are applied in a biological environment, especially the hydrophilic
part needs to be biocompatible and preferable biostable, as it should not be degraded as soon






























Figure 1.3: Structures of the most commonly used hydrophilic segments: PEG, PMOXA, PAA,
PMPC and PIAT.
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Therefore, only a limited number of polymers is suitable for this block. Most commonly,
poly(ethylene glycol) (PEG), [8,2830] poly(acrylic acid) (PAA) [3133] and poly(2-methyl oxazo-
line) (PMOXA, or the ethyl derivative PEtOz), [16,23,25,34,35] poly(2-methacryloyloxyethyl phos-
phorylcholine) (PMPC) [36,37] and poly(3-(isocyano-l-alanyl-amino-ethyl)-thiophene) (PIAT) [11,38,39]
are used as hydrophilic parts (gure 1.3). All of these polymers are already widely studied and,
except for PIAT, known to be biocompatible and biostable to a certain extend - an important
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Figure 1.4: Structures of commonly used polymers within the hydrophobic segment. While
PDMS, PS and PBD have no additional functionality, PLA and PCL are slowly
biodegradable. The temperature sensitive PNIPAM, the pH sensitive P2VP,
PDPAEM, PDEAEM and the oxidizable PPS are able to switch to a hydropho-
bic state.
In contrast to the water soluble counterpart, the hydrophobic part has a greater variety of
possible polymers to be applied, since this part is shielded from the outside media by the hy-
drophilic shell of the polymersome. Resulting from the greater variety, the hydrophobic block
may also contain specic functionalities. [40] While some research groups use poly(dimethyl silox-
ane) (PDMS), [4146] poly(butadiene) (PBD and the hydrogenated counterpart poly(ethylene
ethylene) (PEE)) or [4750] polystyrene (PS) [31,51,52] as nonfunctional, highly hydrophobic poly-
mers, others introduce polymers with an additional specic purpose. Especially polymersomes
designed for drug delivery they require a polymer structure within the hydrophobic block, which
allows for a controlled release mechanism. Here, several polymers have been explored using ei-
ther polymer degradation or specic triggers for drug release. If polymer degradation is chosen,
poly(lactic acid) (PLA) [30,53] or poly(ε-caprolactone) (PCL) [47,5456] can be used, since their
5
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ester bonds within the main chain are cleaved slowly under physiological conditions. Other
release mechanisms known, rely on a chemical reaction within the polymer, which subsequently
switches it from hydrophobic to hydrophilic. Once the polymersomes consist of purely hy-
drophilic polymers, disintegration of the vesicles is the logical consequence and drug release
is achieved. [8,53,5759] Due to cancer research being a popular aim for drug delivery systems,
it has been the goal to specically address these cell types. Special characteristics of can-
cer cells are for once their low, e.g. acidic, pH value and their higher temperature due to
inamed tissue. Consequently, pH and temperature sensitive polymers are applied for this pur-
pose. Concerning temperature sensitive polymers, poly(N-isopropylacrylamide) (PNIPAM) is
almost exclusively used, since its lower critical solution temperature (LCST) of 32°C [60] is close
to physiological conditions (37 °C). [21,61] However, a greater variety of pH sensitive polymers
has been studied for the use in polymersomes. Here, the amine functionality was prone to be
examined, since it can switch to become hydrophilic at acidic conditions due to protonation.
With poly(2-vinylpyridine) (P2VP), [62] poly(diethylaminoethylmethacrylate) (PDEAEM) [51,63]
and poly(diisopropylaminoethylmethacrylate) (PDPAEM), [37,64] three amine-containing poly-
mers are commonly found in hydrophobic segments of pH sensitive polymersomes (gure 1.4).
Once these polymers reach their specic pKa, the amine functions get protonated and become
hydrophilic. A possible drawback of amines, however, is the developing positive charge due
to protonation, which may cause toxicity. Rarely, also redox sensitive monomers have been
polymerized into the hydrophobic block, e.g. poly(propylene sulde) (PPS,) [28] which causes
a degredation of the backbone upon oxidative stress. Depending on the issues targeted, all
polymers mentioned are found in literature.
Crosslinkable Polymers
One of the most prominent advantages of polymersomes over liposomes is their increased
mechanical and chemical stability. While the hydrophobic polymers mentioned previously cause
a triggered disassembly of the polymersomes, it is also of interest to further enhance their
mechanical properties. Thus, several research groups tried to introduce crosslinking bonds into
the membrane. Theoretically, crosslinked polymersomes cannot disassemble anymore and should
show superior mechanical strength. Here, the main challenge is to introduce the crosslinking
bonds after the polymersome membrane is formed.
Apart from this work, literature knows selective silicication, amine-based crosslinking and
photo crosslinking. In every case reported, the crosslinked polymersomes are always com-
bined with a second functionality, usually a pH or temperature sensitive part. Selective sili-
cication is based on a methacrylate derivative, containing trimethoxysilyl groups (poly(3-
(trimethoxysilyl)propylmethacrylate) (PTMSPMA)) [65] in PEG43-b- PDEAEM40-s-PTMSPMA40,
which crosslink due to hydrolysis of the siloxyl groups and consecutive silicication of the mem-
brane (gure 1.5). A statistical combination with pH sensitive PDEAEM with the hydrophobic
block yielded in polymersomes suitable for pH sensitive swelling. However, since the polymer-
somes are a water-borne system, hydrolysis may occur at any time possible and cannot be
6









































Figure 1.5: Structure of crosslinkable polymers (top) and their crosslinked counterparts (below).
The crosslinking agents are as follows: PTMSPMA: Water for hydrolysis, PGlyMA:
Bifunctional amine, PCEMA and PBMA: UV light.
controlled easily. Thus no reproducible behavior could be achieved - marking a clear drawback
of the method. Within an approach towards photo crosslinked polymersomes, the same pH sen-
sitive monomer was mixed in. The pure radical crosslinking agent poly(2-hydroxybenzophenone
methacrylate) (PBMA) causes undended radically crosslinked structures upon UV irradiation
in polymersomes consisting of PEG45-b- P(DEAEM85-s-PBMA10).
[66] These vesicles show the
same swelling, as the PTMSPMA derivative. In contrast to the silicication crosslinker, the
time point of crosslinking is well dened by the time point when UV irradiation is applied (gure
1.5). Another approach to reach UV crosslinking is the polymerization of the cinnamoyl residue
modied methacrylate (poly(cinnemoyloxyethylmethacrylate) (PCEMA)). [61,67] In contrast to
PBMA, the crosslinking is reached in a radical-free manner via a 4-ring formation between two
cinnamoyl residues (gure 1.5). The example reported uses PNIPAM7-PCEMA25 as amphiphilic
block copolymer with temperature sensitive PNIPAM to gate polymersome transmembrane dif-
fusion, while the PCEMA part was suciently crosslinked after UV irradiated for 8 h. Since
UV light is known to cause unwanted radical reactions, a complete control over several hours
cannot be reached using this system. Despite of the disadvantage mentioned, UV crosslinking
results in a more controlled crosslinking than silicication did. If control should be reached
using pure chemical crosslinking, an additional crosslinking agent has to be inserted into the
membrane - preferably via diusion - after the polymersome is formed. Side reactions as with
UV light can be avoided and, in contrast to silicication, control over the time point of the
crosslinking be achieved. Such chemical crosslinking was performed using a statistical block
copolymer containing the crosslinkable poly(glycidyl methacrylate) (PGlyMA) in combination
with rarely used polymers in polymersome studies. [68] The epoxide functionality of the glycidyl
residue allows for crosslinking using an amine functionality of an additional molecule (gure
1.5). Eventually, a bifunctional amine can diuse into the membrane and react with two epox-
ide functionalities of dierent polymer chains, leading to crosslinking. No combination with
other functional monomers is reported for the latter mentioned method of crosslinking, which
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may be due to synthetic problems. Any amine used needs to be hydrophobic enough to diuse
into the membrane, hence, it is a surfactant and can therefore destroy polymersomes.
1.3 Synthetic Methods for Polymersome forming Polymers
For polymersomes to form, the polymer needs a denite architecture in terms of a well-dened
block length in both, the hydrophobic and hydrophilic part. [6,15,63,69] Since at least one of the
blocks needs to be polymerized and is not commercially available, a controlled polymeriza-
tion method has to be applied. The choice of the nal method is greatly dependent on the
monomer to be processed. Mainly, anionic polymerization and controlled radical polymerization
techniques are applied in polymer syntheisis for polymersome-forming block copolymers and will
be discussed in the following section.
1.3.1 Anionic Polymerization
The rst polymersomes reported were achieved when modern methods for controlled radical
polymerization of ethylene-derivates (acrylates, methacrylates, styrene, etc.) were not as well
established as they are today. For this reason, other, synthetically more dicult, methods were
chosen to synthesize the block copolymers required. Consequently, the initial polymersome
forming systems PEG-PEE and PEG-PBD were achieved using anionic polymerization. [18,70]
Since PEG-PEE was the rst block-copolymer reported to form polymersomes, [18,19] the syn-
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Figure 1.6: Anionic polymerization to yield PEG-PEE. In a rst step, butadiene is polymerized
to yield PBD37-OH, which gets hydrogenated to PEE37-OH. Within the second
step, ethylene oxide is polymerized onto PEE37-OH in an anionic ring opening
polymerization to yield the nal PEE37-PEG40 or PEG40-PEE37.
[18,71]
In this study, both blocks of the block copolymer were synthesized using anionic polymeriza-
tion. Initially, butadiene is polymerized with an alkyl lithium as initiator, where the anionic alkyl
chain attacks the butadiene monomer. At a specic time point the reaction is quenched using
ethylene oxide to give a hydrophobic polybutadiene with an alcohol functionality in the end
(PBD37-OH). A polymerization of ethylene oxide does not occur at this stage. In a following
8
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reaction, the remaining double bonds in the side chains are saturated by pure hydrogen to pro-
duce PEE37-OH. Finally, the amphiphilic block copolymer yields from an anionic ring opening
polymerization from ethylene oxide and the potassium alkanolate (PEE37-O
-K+) macroinitiator
(gure 1.6). [71] The PEG40-PEE37 is now able to form polymersomes.
[18]
1.3.2 Ring Opening Polymerization
From the polymers used for polymersome production, the oxazolines PMOXA and PEtOz take a
special place, since they are not polymerized by the reaction of double bonds. Their monomers,
2-methyl-2-oxazoline or 2-ethyl-2-oxazoline, respectively, are cyclic molecules and can be poly-
merized using ring opening polymerization. Espially PMOXA is of great importance if discussing
polymers, since it is part of the widely used PMOXA-PDMS-PMOXA terpolymer system for a
whole variety of applications. [2325,42,46,72] The synthesis of this polymer will be described in


























































Figure 1.7: Synthesis of PMOXA19-PDMS62-PMOXA19 terpolymer to form polymersomes.
PDMS is commercially available and converted to the triat macroinitiator on both
ends, which reacts in an cationic ring opening polymerization to the nal terpolymer.
(R = polymeric residue) [42,73]
In order to obtain the terpolymer, the commerciable available bifunctional PDMS is a suitable
starting point. In a rst step the hydroxyl units on both ends of the hydrophobic starting
segment need to be converted into a macroinitiator for the cationic ring opening polymerization
to come. For this purpose, trioursulfonic (triat) acid anhydride is processed with the initial
PDMS unit to yield the bifunctinal macroinitiator aimed for. Both terminal triat units now
serve as leaving group upon the polymerization step following. Once the reaction with ring-
molecules monomers for PMOXA starts, the nitrogen atom attacks the carbon adjacent to the
triat unit to yield a positively charged oxazoline ring and a triat anion. [42] The chain growth
9
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now is now propagated by nitrogen atoms of monomeric molecules attacking the methylene unit
adjacent to the oxygen atom of positively charged ring attached to the chain, which now opens
up. Due to an isomerization process, a ketone develops in the short side chains of the growing
polymer backbone. [73] After quenching with potassium hydroxide, the nal polymer contains
hydroxyl units on both ends and may be functionalized further. [42] Finally, the PMOXA19-
PDMS62-PMOXA19 formed in this reaction sequence is able to form polymersomes.
[23,24,42]
1.3.3 Controlled radical polymerization
In current polymersome studies, methacrylate derivatives are widely used within the hydropho-
bic part (see section 1.2), making a controlled radical polymerization like atom transfer radical
polymerization (ATRP) [74,75] the method of choice. Although other controlled radical poly-
merization methods exist, ATRP is used almost exlusivly to synthesize polymersome-forming























first cycle start:  n = 1
In each cycle 
















+    2




"dormant" species active species
 Cu(II)(bpy)2Br2
6
Figure 1.8: General mechanism of the Atom transfer radical polymerization (ATRP) polymer-
izing a methacrylate derivative and copper as a metal used. The ligated copper is
intermediately oxidized from Cu(I) to Cu(II), taking the end cap of the dormant
polymerization species. The active species is a radical, but only present for a short
time in this form.
Due to the popularity of ATRP, [32,77,79,80] the reaction mechanisms deserves close attention.
The key component for the reaction mechanism of ATRP as covered in literature is the metal
10
1 Introduction and Background
mediator, mainly a copper(I) salt added to the solution. [7476] In order to dissolve the metal
ion in an organic solvent, it needs to be coordinated by an organic ligand. Those ligands
mostly contain nitrogen atoms, which are prone for metal complexation due to their lone pair
of electrons (e.g. the solid 2,2'-bipyridine(bpy)). [81] Once complexed, the copper can interact
with the initiating species, a stabilized organic bromine. Stabilized means that the carbon atom
carrying the bromine is completely substituted (carries no hydrogen atoms). Such completely
substituted carbon atoms can stabilize radicals very good and lead to greater control over the
reaction. The dissolved copper(I) complex can now interact with the bromine of the initiator,
homolytically cleaving the carbon-bromine bond. This process leads to an oxidized copper(II)
species and a carbon radical. The radical is now the active polymerizing species and reacts with
the methacrylic monomers present in the solution to a growing polymer chain. However, the
active species is continuously converted to a unreactive dormant species with the copper(II)
salt to a bromine and the original copper (I) species. This is a key step for the controlled
character of this radical polymerization, since the chemical equilibrium is mainly on the side of
the dormant species. As a result, the concentration of active radicals is quite low compared to
all polymerizing species present. The reaction is then aborted by exposing it to air and water,





























Figure 1.9: Forming an amphiphilic block copolymer using ATRP from initial PEG (MeO-
PEG45-OH) via an PEG45-Br macroinitiator to form the nal PEG45-PDEAEM81,
which is able to form polymersomes. [63,77]
Using ATRP, the growth of the polymer chains can be controlled in an eective manner,






of 1.3 or lower. A low D
means that all polymer chains roughly have the same length, a necessary precondition to form
polymersomes in a uniform and controlled fashion. [74,76] Besides other copolymers, especially
systems based on PEG as hydrophilic component are prone to be sythesized using this technique,
since commercially available PEG chains with only one reactive endgroup (MeO-PEG-OH)
can be converted into a macroinitiator for ATRP easily in one step. Afterwards, the PEG-Br
macroinitiator can be used to synthesize the amphiphilic block copolymer of choice, for example
PEG45-PDEAEM81, which can form pH sensitive polymersomes.
[63,77](gure 1.9)
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Figure 1.10: Procedures to form polymersomes from the initial block copolymers. Within sol-
vent inversion, lm rehydration and electroformation the polymer is prevously dis-
solved in an organic solvent and formed into polymersomes after water is applied
onto the system. In contrast, pH sensitive polymers are dissolved in acidic water
and polymersomes are formed by a switch to acidic conditions.
1.4 Formation of Polymersomes
With suitable polymers synthesized, these macromoleculare structures now need to self-assemble
into the desired vesicle structure. This is no trivial process, since the amphiphilic block copoly-
mer has to be dissolved completely in one solvent, while self-assembly occurs only in water
where the hydrophobic segment of the polymer is insoluble. In order to overcome this problem,
several strategies like lm rehydration, solvent inversion, pH switch and electroformation were
developed and will be discussed next (gure 1.10).
For solvent inversion the whole block copolymer needs to be dissolved completely in solvent
like tetrahydrofurane (THF) before polymersome formation is initiated. [82,83] THF is a supreme
candidate since it typically dissolves a broad variety of polymers but is also miscible with water
in any ratio without forcing phase separation between the solvents. Once the THF with the
dissolved polymer is poured into an excess of water, the hydrophobic block becomes insoluble
and polymersome formation is induced (gure 1.10). Using dialysis against water, a pure
polymersome solution can be achieved due to the removal of residual THF. Here, the vesicles
created are typically between 100 nm and 200 nm in diameter. [50,82,84,85]
Besides solvent inversion, lm rehydration also relies on dissolving the amphiphilic block
copolymer in a solvent other than water. In contrast to solvent inversion, the solvent is evap-
orated slowly during this method to produce a thin lm of percipitated polymer at the wall of
the jar used. [86,87] As an advantage over solvent inversion, other solvents than THF which are
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immiscible with water (like aceton, chloroform, etc.) can be used as well with lm rehydration.
Once the lm is created, the jar is lled with water and the self-assembly starts from the poly-
mer lm produced before. Eventually, polymersomes are formed and the lm totally removed
(gure 1.10). If the jar surface is chemically altered, specically sized vesicles of up to 20 µm
can be achieved. [88] Otherwise, the same sizes as with solvent inversion are achieved with lm
rehydration.
Besides simply pouring water over the lm, the vesicles can also be produced using an external
stimulus like a constantly changing electric eld. This method is called electroformation and is
widely used in liposome production. [8991] The polymer is forced to leave the surface, initially
forming semi-vesicles, which are still attached to the ground (gure 1.10). Upon a change in
the frequency of the changing electric eld applied, the vesicles eventually detach from the
surface, yielding giant polymersomes of several micrometers in diameter. [18]
All methods discussed until now require the exchange of the solvent at some point. However,
if a pH sensitive material is used, only the solvent conditions need to be changed as it occurs
with the pH switch method to form polymersomes. [64,92,93] If the hydrophobic block of the
polymersome-forming polymer contains a pH sensitive moiety, this unit can get protonated in
acidic conditions and hence become hydrophilic. This results in a totally soluble polymer in
acidic water. In order to induce polymersome formation, the pH sensitive group needs to be
deprotonated to become hydrophobic again. Once the amphiphilic character is restored in basic
conditions, the self-assembly process occurs and the polymersomes form (gure 1.10). A great
advantage of this method over the previously mentioned ones is that the solution does not need
to be cleaned afterwards and no solvent exchange is necessary. Like with solvent inversion,
vesicles of about 100 - 200 nm can be achieved with the pH switch method. [63,77,93,94]
1.5 Characterization Methods for Polymersomes
1.5.1 Size Characterization (Dynamic Light Scattering)
One of the most prominent method used to discover the size of non-precipitating structures is
dynamic light scattering (DLS). [95,96] Although called dynamic, in DLS the scattering patterns
of molecules are observed at a steady angle. A laser beam passes through a solution and the
scattering intensity is dependent on the particles passing through the beam. Since the scattering
intensity is dependent on various factors (concentration, transparency of the solution), which
are independent of the particle, the change in intensity is the observed value. This change is
mainly dependent on the diusion coecient D of the particles within the solution, the result
of the actual measurement. How D is dependent on other values in a uid is described using
the Stokes-Einstein equation:
D = kB∗T6π∗η∗Rh
with kB = Boltzmann's constant, T = temperature, η = viscosity and Rh = hydrodynamic
radius
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When studying vesicles or other structures with DLS, the measurement is conducted in
a solvent with known viscosity (often water) and at a constant temperature. Hence, the
Stokes-Einstein equation posses only two unknown values (D and Rh). It is therefore easy to
calculate the hydrodynamic radius (Rh) of particles, once D is known. The radii discovered are
usually not uniform, but have a certain dispersity. This dispersity is also characterized using
a polydispersity index (PDI), but should not be mistaken for the dispersity value (D) used to
characterize polymers. In contrast to the D for polymers which is always greater than 1, the
PDI resulting from DLS is ranging between 0 and 1. Generally the distribution is very broad and
the value obtained should be analyzed very critically, if the PDI is above 0.5. Together with the
hydrodynamic radius, the DLS also results in a mean diameter over all particles detected, the
so-called z-average. For monodisperse samples, the values for z-average and the hydrodynamic
radius almost match each other.
When a DLS instrument is equipped with a titrator, the size of the structures present in
the solution can be determined in dependence of the pH of the solution. This is of special
interest when a pH sensitive material is used. This may reveal further characteristic values like
the pKa of the studied material. Besides the hydrodynamic radius, common DLS instruments
can also determine the surface charge of the materials present in the solution, the so-called
zeta-potential. Together with the titrator mentioned, DLS is a powerful method to determine
the size and charge of materials in dependency of the pH.
However, DLS also holds some disadvantages which have to be taken into consideration. The
major disadvantage is that large particles scatter the incident light some orders of magnitudes
stronger than smaller ones do. Since the data obtained are, as a standard procedure, correlated
with the scattering intensity, smaller particles may not be detected via DLS. However, a large
PDI of the solution of a seemingly monodisperse sample may indicate the presence of small
particles. To overcome this problem, one can recalculate the result to obtain a volume-intensity
plot. The volume plot is supposed to show how much volume is occupied by the particles
of a certain size. Of course, recalculation always holds the risk of falsifying the original data
and should only be used if the intensity plot cannot be trusted (e.g. a large PDI of the
solution). Compared to the intensity plot, the volume plot shows more smaller particles present
in the solution examined leading to smaller (mean) hydrodynamic radius calculated by the
instrument. Therefore, the volume plot is used only if small particles need to be detected, e.g.
after disassembly of larger particles like polymersomes.
1.5.2 Filtration and Cleaning Methods
When polymersomes are studied, they are often the host for dierent types of cargo. Since the
polymersome membrane is not open for transmembrane diusion processes, the cargo has to be
inserted during polymersome formation. From the preliminary cargo / polymer solution, a part
of the cargo is enclosed into the vesicles and the residual amount is not. Thus, it is necessary
to remove any non-enclosed molecules from the solution. Here, two feasible methods, dialysis
and hollow ber ltration (HFF system), will be discussed.
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Dialysis is a well-known method, which has been used for many years already. A solution
containing a mixture of many dierent molecules is placed in a nanoporous dialysis tube. Ev-
ery molecule which is small enough to pass through the pores, leaves the tube due to the
osmotic pressure evolving. For polymersomes, this method has the advantage that dialysis
membranes have a maximum pore size of 1000 kDa, which is too small for polymersomes
to pass through. Any small molecules, however, pass the membrane faster with increasing
pore size. Consequently, dialysis exhibits an easy method to clean a polymer solution from
non-enclosed molecules.
-  Membrane Module (various 
pore sizes) 
-  Pressure within circuit is 
adjustable 
        Transmembrane Pressure 
(TMP) possible 
Figure 1.11: HFF system: Picture and schematic overview of the working principle. The arrows
show the ow direction within the HFF circuit. [97]
Despite the advantages mentioned, dialysis takes various days to nish and is a cleaning
method only. Another method of purication is the hollow ber ltration (HFF). Within the
system, the solution is pumped in a circuit and is - as with dialysis - also puried against a
porous membrane (here: module, schematically shown in gure 1.11). Additionally to dialy-
sis, the solution is exhibited to a certain pressure, resulting in a pressure through the porous
ltration module, the so-called transmembrane pressure (TMP), which speeds up the process
considerably. Consequently, the HFF system is not only a cleaning system, but is feasible to
test the substrates resistance towards mechanical stress induced by the TMP. By comparing a
variety of TMPs, mechanical data can be obtained with this method, which takes 1 to 2 hours
only.
1.5.3 Imaging Techniques
While many characterization methods, like the discussed DLS, result in data to be interpreted,
a visual proof like a microscopical image cannot be questioned as easy. From the variety of
imaging techniques available, laser scanning confocal microscopy (LSCM) and transmission
electron microscopy (TEM) will be discussed.
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Laser Scanning Confocal Microscopy
Images from optical microscopes are commonly used in life sciences and especially in synthetic
biology. Usually, the more sophisticated laser scanning confocal microscopy (LSCM) is applied
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Figure 1.12: Principle of a LSCM microscope. The pinhole in front of the detector cuts o any
light out of the focal plane.
LSCM has two major advantages over classical optical microscopy. For once, it observes
uorescence emission after laser excitation of the sample rather than absorption. Since uores-
cence always has a larger wavelength than the incoming laser beam used for excitation, lters
can cleave out the exciting light completely. This complete light ltration is only possible using
laser light, due to its sharp and narrow emission spectrum. Now, the light reaching the detector
is only due to uorescence, making it detectable down to low light intensities (gure 1.12). Due
to these reasons, LSCM allows for low concentrations of labeling agent, leading to a negligible
inuence of the labeling agent on the original material. [99]
The second major advantage of LSCM is the confocal nature. Confocality means that the
light is focused twice. First, when it reaches the sample, to illuminate a specic area only and
secondly, when it reaches the detector. This second focus introduces a focal plane into the
detected light. Hence, uorescent light which does not arise from the focal plane, reaches the
detector only with a negligible intensity, allowing for a distinct layer-by-layer analysis. [98,99]
Transmission electron microscopy
Since optical microscopy is limited to a resolution of half the operating wavelength (e.g.
150 nm), other methods need to be chosen for smaller objects like polymersomes. Here, elec-
tron microscopy is the method of choice. [33,42,64] In comparison to optical microscopes, electron
microscopes have a similar setup. Since light is replaced by electrons, the optical lenses are
replaced by magnetic ones and the image is detected using an electron detector instead of an
optical one.
16
1 Introduction and Background
With electron microscopy one can either scan the surface of an object (raster electron mi-
croscopy (REM)) or take an image similar to optical microscopy (transmission electron mi-
croscopy (TEM)). [100] Since TEM allows a resolution on the sub-nanometer scale, it is a
convenient method for structures like polymersomes (70-200 nm in diameter), including their
membrane. [19,65,68] When selective staining is used for the polymer examined, the membrane
can be made visible and thus also be measured. Another advantage of TEM is that it can
verify which kind of structures are formed by the polymer of interest. While DLS only results
in the diameter, TEM reveals whether micelles, vesicles, worm-like structures or more complex
agglomerates are formed. [101,102]
1.5.4 Characterizing Biocompatibility
Cell Viability Test (MTT-Test)
Since polymersomes have potential applications in biological systems (drug delivery or syn-
thetic organelles), their interactions with cells need to be studied. One prominent parameter
for biological compatibility is cellular toxicity, a parameter which is usually determined by com-
paring cell viability values of cells which were incubated with the material of interest with ones
which were not. Widely used is the so-called MTT-Test, since it is relatively easy to han-
dle. [103] The test is based upon the mitochondrial activity of the cells tested. Here, a drug
called methylthiazolyldiphenyl-tetrazolium bromide (MTT, or 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide as IUPAC name) is processed, e.g. reduced by mitochondria
of living cells to a purple formazane product (gure 1.13). [104] If all other parameters, such as
cell number, incubation time and concentration are kept constant, this test gives information
about the amount of living cells compared to an untreated control. The purple formazane
derivative has a prominent absorption band at 565 nm and can thus be detected easily using
a photometer. With increasing absorption, more MTT is processed and more living cells are














Reduced MTT (formazane derivative)
yellow purple
Figure 1.13: Chemical background of the MTT assay. MTT is reduced by mitochondrial re-
ductase of living cells. The reductive formazane derivative can be detected using
UV-Vis spectrometry at 565 nm.
Since deviations in dierent cultures are very common in biology, all results need to be veried
using a short statistical test. For once, each experiment is repeated 3 times to get a basic set
of data (N1, N2 and N3 with their mean N standard deviation σN ), calculated as follows:
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n , σ =
∑
(Nn−N)
n−1 with x = 3 for the case discussed
To further check whether the results given deviate signicantly from each other, they are
compared using the Student's t-Test. [105,106] Here, the data sets of the reference and treated
sample are transformed into a Gaussian curve of possible real values. In a next step it is
checked which area-percentage of the curve of interest overlaps with the reference curve. If this
overlapping area 5 % or less, the value is marked with a star (X*). Thus, the probability that
both sets of data describe the very same true value is 5 % or less. With a decreasing percentage
of overlap, the number of stars increases, leading to two stars (X**) for 1 % probability or less
to describe the same true value and three stars (X***) for a probability of 0.1 % or less. The T-
Test described is also applicable for data sets not resulting from a MTT-test and was therefore
also used for other data sets in this work.
From the polymersome systems known, especially the ones consisting of the pH sensitive
PEG23-PDPA15
[78] or/and PMPC25-PDPA70 are well known for their high biocompatibility.
Cellular Uptake Analysis
In general, there are two ways to verify cellular uptake of a certain compound - a qualitative
and a quantitative one. The qualitative method is the simple imaging of the cells observed and
the qualitative method is uorescence activated cell sorting (FACS). [107] Both methods rely on
the compound to be analyzed to be optically detectable, e.g. to be uorescent or labeled with
a uorescence marker.




Population of interest  
marked red  





Experiment with sample: 
 
If autoflourescent  
 marked red 
If flourescence higher than 
autoflourescence (due to 
cargo)  
marked green 
Figure 1.14: Sample images resulting from FACS analysis, the sorting plot reveals cell popula-
tions present, while the uorescence intensity plot shows the uptake of uorescent
cargo. The white line in the uorescence plot is set manually and anything beyond
this line is shown in green color.
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If a purely qualitative approach towards cellular uptake is sucient, uorescence microscopy
holds a variety of advantages. One of which is that this method is relatively easy to use and
interpret. Once the sample is placed under the microscope, the correct focus needs to be
set and images can be taken immediately. If uorescence microscopy is used, any uorescent
cargo can be detected, once the correct excitation and reading wavelength is known and the
corresponding laser available. Considering the broad variety of known uorescence markers, one
suiting the lasers available can usually be found. To actually ensure cellular uptake, the nuclei
of the cells are stained as well. It is now possible to study the localization of the cargo if both
channels (cargo and nucleus detection) are overlaid. Thereby it can be determined, whether
the cargo is localized around the nucleus (e.g. taken up into the cell), or only localized around
the cells. [107109]
As already mentioned, an approach to quantify cellular uptake is FACS analysis. Here, the
cells are analyzed by light scattering and their uorescence intensity. Through the scattering
pattern, the cells are sorted by two criteria, their size and their granularity (amount of cellular
vesicles and surface roughnes). The combination of both properties is characteristic for a cell
line or cell culture. Now, the cell line of interest can be selected and characterized further
by uorescence intensity. In an initial experiment, autouorescence of non-treated sample is
measured and set as baseline. From then on every cell which has a greater uorescence intensity
will be marked as such in a further experiment. It is now possible to count the amount of cells,
which did uptake the sample of interest and also the amount of uptake (gure 1.14). [107,110,111]
1.5.5 Characterizing the Polymersome Membrane
Topological Analysis
In addition to the polymersomes themselves, it is also of interest to study their membrane.
As for liposomes, the membrane is studied best if it results from preformed vesicles, which
open up on a substrate to yield a supported bilayer. Preferably, a single bilayer should be
formed, but it is not certain whether this is possible. If no bilayer is formed, but a mixture of
single/double/triple layers, the dierence between their heights can be taken as an indicator
for the bilayer thickness. A way to measure the height and other properties is atomic force
microscopy (AFM) (gure 1.15 a). [46,112,113]
In AFM, the surface of a sample is scanned via a tip which detects the adhesive forces
between molecules in close proximity but direct contact can be avoided. A common mode for
AFM is that the tip lowers itself for each point of the sample until a certain force is reached
(constant force tapping mode). If a change in height due to an additional layer, the same force
is reached earlier and a higher point noted. After the whole surface is scanned, topological
height proles can be taken at any position in the scanned part of the sample. The height of
each maximum can be evaluated and compared to other samples. Since the tip does not touch
the sample, deformations due to tip-sample interactions (so-called artifacts) can be kept at a
low level. Another advantage of AFM is that samples can be measured in solution, meaning in
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AFM – Height images of a deposited 
polymer bilayer membrane  
AFM tip scanning surface (tapping mode) 
  topological profile as shown below 


















b) AFM – Compressing larger islets of 
polymer bilayers can be compressed 
 E-Module can be measured 
Figure 1.15: The use of an AFM in polymersome research - studying the deposited membrane
in terms of height (a) and rigidity (E-module, b).
a wet state. This allows to analyze the membranes, at conditions similar to those for vesicle
formation. [112,114]
Besides measuring the height, the tip can also be set to touch the sample during the mea-
surement. Once in contact, the upper membrane layer is deformed. The force necessary to
deform the layer is correlated with the elastic module (E-module) of the material (gure 1.15 b).
According to the Hertz-Modell, [115] the measured value relates properties of the investigated
material, if several preconditions are met. First of all, the measuring device (here: the tip) may
not alter the physical properties of the material after the contact. Secondly, the deformed area
may not be inuenced by the edge of the material (no edge-eects). Furthermore, the material
needs to be thick enough so that the support does not inuence the E-module. Once three or
four bilayers are on top of each other, it can be assumed that the top layer is not inuenced by
supporting material. Essentially, a comparison between dierent spots will result in the desired
value. [46,112,114,116]
Due to the ability to measure height and E-module of the lms, AFM is a powerful method
to investigate polymersome membrane properties.
20
1 Introduction and Background
Membrane Fluidity Tests
Besides height and rigidity, membranes also have other properties not accessible with AFM.
One of them is the so-called membrane uidity. All of the molecules composing the membrane
have a brownian movement and therefore the ability to move away from their original position.
How fast this movement is or how much it is hindered is dened by the term uidity. The
more uid a membrane, the faster the molecules move around. [19]
Initial state After photobleaching Non-fluid membranes  
 no recovery 
Membrane fluidity test –  
Flourescence recovery after photobleaching 
(FRAP) 
Photobleaching with strong laser 
Fluid membrane  
 recovery 
Dye-marked phospholipid Phospholipid with bleached dye Deposited bilayer 
Figure 1.16: Membrane uidity assessed using FRAP measurements. In uid membranes, the
moving molecules rell the bleached spot, while the bleached spot remains in non-
uid membranes.
A way to measure the uidity is a method called uorescence recovery after photobleaching
(FRAP). [117] Within FRAP, the membrane is labeled with a uorescent dye. The labeling can
occur in terms of a labeled polymer or an integrated (physisorbed) labeled lipid molecule. It may
be assumed that the dye-labeled molecules do not eect the mobility of the pure membrane.
This may be due to a well diluted labeling or labeled molecules, which are chemically similar
to the membrane of interest. For lipid membranes, commercially available diluted dye-labeled
lipids are commonly used. For this method it is of utter importance that either the support of
the bilayer does not eect mobility or that the layer examined rests on another bilayer. Once the
membrane is labeled, a strong laser beam bleaches a certain area of the membrane (see gure
1.16). The bleached spot is now a black spot in the uorescence image. If the bilayer is uid,
labeled molecules from around the bleached spot will diuse into it, causing the uorescence to
recover. With growing immobility, the time for recovery will rise and eventually reach innity
for totally non uid membranes (see gure 1.16). [113,118]
1.6 Applications of Polymersomes
Once polymersomes are created, they generally have two possible applications. Either they
were developed as nanoreactors to mimic cell organelles [15,119,120] or as drug delivery sys-
tems. [72,121,122] For drug delivery systems, they need to be non-toxic towards cells as well as
21
1 Introduction and Background
nanoreactors, if they are to be prospective replacements for organelles. Thus, it is reasonable
to discuss cellular interactions separately as a cross-section topic for both application pathways.
Synthetic Organelle (Nanoreactor)
When designed as an articial organelle, polymersomes need to be stable towards numerous
enzymes and may not disintegrate at conditions present in a cell. Hence, they have to partially
mimic the properties of a cell membrane. [16,123] Consequently, any sensitive (and thus switch-
able) polymer mentioned above may not be included into the membrane to prevent spontaneous
disassembly of the block copolymers. Additionally, the high mechanical stability of polymer-
somes results in a membrane, which is practically closed for any transmembrane diusion trac.
However, a nanoreactor needs transmembrane diusion for reaction substrates and products to
get in and out of the polymersome. A convenient way to overcome this problem is to include
transmembrane proteins into the membrane. [16,35,124] Ideally, these proteins do not only allow
trac, but also regulate it through conformational changes. If channel proteins are used, which
specically transport into one direction, e.g. proton pumps, it is often dicult or impossible to
ensure their insertion in one direction. The most prominent example is the articial production
of ATP within a polymersome with a membrane of PEtOz10-PDMS75-PEtOz10,
[35] working
only in a low percentage of the polymersomes created. Vesicles with transmembrane proton-
pump-proteins even partially inserted in both directions cannot work properly, since protons are
pumped in and out of the vesicle lumen simultaneously, which prohibits the necessary proton
gradient to develop.
Another approach uses a transmembrane enzyme, which is working independent of the di-
rection it is inserted (similar to gure 1.17). [11,38] The molecule targeted is now a substrate for
the enzyme and thus transformed upon its transport through the polymer bilayer (consisting of
PIAT50-PS40). Once the substrate is added, the enzyme, here horse radish peroxidase (HRP),
starts to catalyze the oxidation and releases reaction products also into the polymersome lumen.
In a following example, another enzyme, glucose oxidase (GOx), is located in the lumen and
feeds the HRP with substrate, resulting in a cascade reaction. [83] An even more complex system
was reached, when Candida antarctica Lipase B (Cal B) replaced HRP as the transmembrane
enzyme. HRP is still within the cascade, but now covalently attached to the polymersome
surface via a second polymer added to the system (10 weight-% of PEG68-PS40). The resulting
nanoreactor is a localized 3-enzyme cascade reaction with Cal B as transmembrane enzyme,
GOx as the internal enzyme and HRP at the polymersomes surface (gure 1.17). Every enzyme
is feeding the next one with substrate. Initially, CalB deacetylates glucose-tetracetylate to form
glucose and transports it into the polymersome lumen (gure 1.17). The free glucose inside
the polymersome is now oxidized by GOx, yielding the corresponding lactone. A side product
of this reaction is hydrogen peroxide, which serves as substrate for HRP (gure 1.17). Being a
small molecule, H2O2 can pass the membrane and reach the externally xed HRP. Now, HRP is
able to catalyze added ABTS (2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)) by means
of H2O2, completing the 3-enzyme cascade reaction (gure 1.17).
[83]
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Figure 1.17: A 3-enzyme cascade reaction using non-crosslinked polymersomes. While CalB is
present in the solution, HRP is included in the polymersome membrane (model
transmembrane protein) and GOx is internalized. Now, CalB catalyzes the hydrol-
ysis of acetate-protected glucose to produce pure glucose, which is now used by
Gox to produce oxidized glucose as well as hydrogen peroxide. The peroxide can
now be used to oxidize ABTS, catalyzed using HRP.
Despite the great achievement ot this 3-enzyme cascade, this approach also holds disadvan-
tages. The most prominent disadvantage is that the transmembrane protein is needed for the
rst reaction step. Hence, only reactions which can be catalyzed by a transmembrane protein
have the potential to be applied within this approach. Besides that, the reaction product has to
leave the polymersomes through the membrane and thus, greater reaction products are caught
within the vesicle. Another disadvantage is the lack of control. Once the substrate for the rst
reaction is added, the sequence starts and no further delay possible. Hence, a more sophis-
ticated and versatile nanoreactor should be less substrate specic and have an implemented
reaction control mechanism.
Drug-Delivery Systems
When polymersomes are used as drug delivery systems, it is of great importance to release
the enclosed cargo. To reach high release eciency in a specically targeted area, the mem-
brane or surface of the polymersome is altered in various manners. Cell types targeted usually
have other physiological properties than cell types, which are not aimed for. Cancer cells, for
example, are known to have a lower pH value within their cytosol, than non-cancerous cells.
Additionally, cancer cells lead to inamed tissue with an increased temperature. For this reason,
polymersomes for drug delivery contain pH sensitive materials like the pH sensitive PDEAEM
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Figure 1.18: Drug release mechanisms for non-crosslinked and crosslinked polymersomes con-
sisting of polymers with a sensitive hydrophobic block. Upon a switch in these
polymers (e.g. by T or pH) become totally hydrophilic, causing non-crosslinked
vesicles to disassemble and crosslinked ones to swell.
and derivatives or temperature sensitive parts like PNIPAM. If reductive sensitive polymers are
synthesized, cleaving disulde bonds also leads to polymersome rupture. Once the polymer-
somes disassembled, the cell or cellular compartment contains the formerly enclosed drug as
well as the block copolymers, which used to form the polymersome (gure 1.18). [56,59,125] A
possible problem arising from this mechanism is an eventual enclosure of amphiphilic polymers
into the cell membranes and thus their destruction. By introducing crosslinking bonds into
the polymersome membrane, the polymersome remains stable after the sensitive part switched
hydrophilic. Drug delivery is still possible and occurs now due to the osmotic pressure present
inside the polymersome. Since no single polymers is existing, the vesicles are digested or exter-
nalized as a whole (gure 1.18). However, it is not certain, whether both processes mentioned
may cause toxicity or not, making their potential in medicinal application unknown.
Surface modications
As described, specic drug release may be achieved using sensitive polymer blocks. However,
specic blocks only mediate a drug release once the polymersomes are taken up into the cells.
It is, of course, more ecient to have uptake in the addressed cells only. Specic uptake comes
along with less polymersomes needed and therefore, less stress on the non addressed cells. The
least specic way to reach this goal is to enhance uptake in general. If cancer cells are addressed,
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Figure 1.19: Polymersomes of polymers with dierent hydrophobic parts (here: PEG and
PMPC). Once the vesicle is formed, they separate to form patchy polymersomes.
Reproduced with the kind permission of the Royal Society of Chemistry [4].
this method is applicable, since these cell types already have a higher cellular uptake. Further
enhancing uptake into cancer cells leads to less uptake in other cell types. Here, the use of
polymersomes with uneven patchy polymersomes has been shown to be useful. [4] Therefore,
polymers with dierent hydrophilic blocks, namely PEG23-PDPA15 and PMPC25-PDPA70, were
used in one polymersome. Both blocks assemble in one polymersome, but due to ecient
intermolecular interactions between the hydrophilic parts, they phase separate into islets within
the membrane. Thus, the membrane consists of a main hydrophilic phase, which contains islets
(or patches) of a second phase (gure 1.19). The resulting polymersomes show an enhanced
uptake behavior. [36]
In contrast to generally enhanced uptake behavior, polymersomes may also be equipped with
targeting proteins to reach certain cell types. This approach is also applicable if polymersome
based sensors are designed. Both applications need polymersomes which specically bind to a
surface - either a cell membrane or the sensor surface. A proof of concept is available for both
types. To reach surface modication, modied polymers have to be introduced into the polymer
mixture forming the nal bilayer structure. [7,34,47,50,54,82] Here, either nally modied polymers,
e.g. biotin modied, or premodied ones, e.g. alkyne modied, are introduced. By using the
well-known copper catalyzed azide-alkyne click chemistry for example, the premodied polymers
can then be transformed into their nal structure. [52,126] Within this strategy, the polymer to
form polymersomes, PS150-PAA20 was synthesized via ATRP, which yielded in polymers with
a terminal bromide group. In order to make ATRP work, the PAA units were protected with
a tertiary butyl group. Before deprotection, the bromide could be converted into an azide
functionality, making these molecules one reactant for a following click reaction. Once the
polymersomes were formed using a solvent inversion technique, the inner and outer surface of
the vesicle membrane contains numerous azide functionalities. Any molecule equipped with an
alkyne moiety, like the dansyl unit reported, can now be attached to the vesicles with copper(I)
catalyzing the reaction (gure 1.20). [52]
The latter mentioned strategy has the advantage that only the outside wall is available for
reaction and thus only modied, while the inside part of the membrane stays in its previous
composition.
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Figure 1.20: Clickable polymersomes are produced on the basis of an PS150-PAA(t-Bu)20-Br
block copolymer accesible via ATRP. The bromine residue of the ATRP process
is replaced for an azide group to yield PS150-PAA20-N3 after the tert-butyl ester
is cleaved. After self-assembly into the nal polymersome, the surface is covered
with azide functionalities which will be able to perform a click reaction with the
dansyl derivative introduced. A surface-functionalized polymersome is the result
of this procedure. The surface-functinalized polymersomes are reproduced with
the kind permission of the Royal Society of Chemistry. [52]
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As discussed, polymersomes are often used as drug delivery systems or prototypes of articial or-
ganelles. [14,120] When designed for drug delivery, the amphiphilic block copolymers building the
polymer vesicles often include a pH or temperature sensitive functionality within the hydropho-
bic block to trigger drug release. Once the hydrophobic part switches to become hydrophilic,
the vesicle disassembles and the drug gets disposed into the cytosol. Polymersomes as articial
organelles, however, need an accessible cargo without destroying the membrane. Therefore,
transmembrane proteins are used to reach transmembrane trac. [35,124,127] Another way to
ensure diusion through the membrane is the combination of sensitivity and crosslinking. Now
the polymersomes swell after the switch in the sensitive part of the hydrophobic block. Due to
the osmotic pressure evolving, the drug enclosed may diuse through the hydrophilic membrane
into the outside matrix. [43,61]
It now seemed logical to combine the last two principles mentioned. If transmembrane
diusion can be mediated by a switchable polymer within a crosslinked membrane, it could
also be used to mediate transmembrane trac into the polymersome as needed for an articial
organelle or bionanoreactor. To get a feasible system, the sensitivity of the switchable polymer
should be easy to address and also reversible. Reversibility is essential to reach a reusable
nanoreactor. The fastest method of reversible switching is to use a pH sensitive polymer within
the hydrophobic part of the amphiphilic block copolymer. Hence, a statistical mixture of a pH
sensitive part and a crosslinking moiety within the the hydrophobic part is needed for such an
approach. Concerning the crosslinking process, it should take place, after the polymersomes
are formed and the cargo is incorporated. A photo crosslinker is therefore a logical choice for
this purpose. [128]
In this consequence, the goal of this work was to design and synthesize such pH sensitive
and photo crosslinked polymersomes, feasible as nanoreactors (comprised in gure 2.1). If an
amphipilic block copolymer containing a pH sensitive part will come to use, the polymer can
be dissolved in acidic water and mixed with an enzyme solution. With a change in pH to
basic conditions, the polymersome formation can be induced. Eventually, the polymersomes
form around the enzymes and enclose the biocatalyst this way. Once any non-enclosed enzyme
is removed, UV irradiation can be applied to crosslink the vesicle. Logically, the irradiation
time has to be kept as short as possible to prevent loss in functionality of the enzyme. If the
polymersome solution is now treated with substrate for the enzyme, no reaction takes place,
since the polymersome membrane is closed for any transmembrane diusion processes. After
switching to an acidic pH value, the membrane swells and becomes hydrophilic. Small molecules
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like the substrate are now able to diuse into the polymersome lumen and allow for the reaction
to take place (gure 2.1).
Aim of this work – photo crosslinked and pH sensitive polymersomes as nanoreactors 
pH = 4 pH = 8 





Figure 2.1: Aim of this work: An amphiphilic block copolymer is dissolved with an en-
zyme. Upon a pH switch, the enzyme is enclosed in the polymersomes, which
are crosslinked with UV light afterwards. Now, catalytic activity of the enzyme can
only be monitored at pH 6 or lower and not at pH 8 or higher. Other than that,
the bilayer itself is to be examined as well as the biocompatibility of the vesicles.
Once a bionanoreactor as the described one is created, it is necessary to think of a possible
application of this system. The design towards a bionanoreactor makes biocompatible polymer-
somes prone to be used as an artcial organelle. If they are to replace real organelles in cells,
they need to have superior biological properties. While cellular uptake levels need to be high to
ensure ecient enclosure of the polymersomes, cellular toxicity levels are to be low to prevent
cell death. These biological properties for cellular uptake of the polymersome system are to be
studied as well (gure 2.1).
All properties of polymersomes mentioned previously are ones of the polymersomes them-
selves. However, the bilayer forming the vesicles has to be of concern as well. Once a single
supported bilayer is formed (or multiple ones), the height of the layer can be examined as well
as the rigidity, or elastic module, is to be adressed as well as their uidity in detailed membrane
studies (gure 2.1).
A multifunctional polymersome, which works as a non-toxic bionanoreactor, is the nal aim
of the project discussed in this work. Additionally, the polymersome membrane is to be char-






3 Creating Functional Polymersomes
3.1 Introduction
In order to successfully synthesize the pH sensitive and photo crosslinkable polymersomes aimed
for, some thoughts about polymer synthesis have to be conducted. For once, suitable monomers
for the amphiphilic block copolymer have to be chosen and eventually be chemically synthesized,
if they are not commercially available. Once the starting materials are available, the polymers
can be synthesized. Within the polymer the block length ratio between the hydrophobic and
hydrophilic part is crucial to form polymersomes and no other structures. [33,63,69,129] Due to
the variety of known polymersome forming system, this value can be taken from literature





realized as well. [63,69] Additionally, it is important to nd the ideal polymer composition to
reach pH sensitivity and ecient crosslinking by testing a variety of dierent amounts and
kinds of crosslinker within the polymers. Logically, the pH sensitivity has to remain after the
crosslinking is nished. Once stable crosslinked pH sensitive polymersomes are available, they
need to be compared in terms of feasibility for further tasks (e.g. comparing pKa, swelling
behavior, crosslinking time, etc.). Another aspect is the imaging of the polymersomes created.
Ideally, polymersomes are visible using optical microscopy. However, this method requires
polymersomes of at least 10 µm in size, a range, which seems rather big compared to standard
polymersomes with reported sizes of about 100 nm using standard methods. [4,50,51,88] In this
work, electroformation will be tested, if it results in feasible vesicles of the size required. For
smaller polymersomes, transmission electron microscopy (TEM) will be used to image the
polymersomes created.
3.2 Chemical Synthesis
3.2.1 Choice of Polymer System
The nal properties of each polymer product depend on its molecular composition. An optimal
monomer composition is therefore essential to obtain a product with the desired functionalities.
For this work, an amphiphilic block copolymer which is biocompatible, pH sensitive and photo
crosslinkable and self-assembles into a vesicle was to be synthesized.
After the vesicles are formed, only the hydrophilic part will be in direct contact with the
outside matrix. Hence, this is the only part, where biocompatibility is essential. As its properties
have widely been studied, poly(ethylene glycole) (PEG) was chosen as hydrophilic component
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pH sensitve photo crosslinkable
PDMIEM / PDMIBM / PDMIHM
Figure 3.1: Polymers used in this work: PEG as hydrophilic part and a hydrophobic part con-
sisting of the pH sensitive PDEAEM and the photo crosslinkable PDMIEM (x = 1),
PDMIBM (x = 2) or PDMIHM (x = 3).
(gure 3.1). The main advantage of this polymer is not only its commercial availability, but
also its biocompatibility and antifouling properties. [6,29]
A combination of pH sensitive and crosslinkable monomers within the hydrophobic block
should lead to crosslinkable vesicles which are stable over the complete pH range and do
not disassemble. Once the pH sensitive and hydrophobic part in the vesicle switches to hy-
drophilic, permeable vesicles with dierent pore sizes could be prepared for loading them with
cargoes of dierent size dimensions. However, loading and release have to occur at the same
pH range (< pH 7), whereas the transport or the entrapment of the cargo in the vesicle
has to be realized in another pH range (> pH 7). To achieve the goal of loading and re-
lease of small molecules, the previously studied pH sensitive poly(ethylene glycole)45-block-
poly(diethylaminoethylmethacrylate)81 (PEG45-b-PDEAEM81) was taken as starting point for
this work [63,65] (PEG and PDEAEM shown in gure 3.1). With a pKa of 7.2 this polymer
switches at the perfect conditions for the designed purpose. The polymer was further en-
hanced by incorporating the previously known photo-crosslinker 3,4-dimethyl maleic imidoethyl
methacrylate (DMIEM) in the hydrophobic part of the block copolymer. [128,130] This crosslink-
able monomer is chemically similar to DEAEM, which should lead to an almost ideal statistical
copolymerization of both monomers in the hydrophobic segment. In order to study the eect
of the spacer length within the crosslinker, the butyl (DMIBM) and hexyl (DMIHM) derivatives
were tested likewise (gure 3.1). In correspondence with the spacer used, the polymers were
then called C2 (DMIEM, ethyl spacer used), C4 (DMIBM, butyl spacer used) or C6 (DMIHM,
hexyl spacer used) polymers and the crosslinkers named likewise.
3.2.2 Monomer Synthesis
As previously mentioned, PEG is commercially available, which also accounts for the DEAEM
monomer. The crosslinking unit, however, needs to be synthesized in a two step approach. To
obtain the nal unit, the actual crosslinking part, the initial 3,4-dimethyl maleic anhydride, needs
to be connected to a methacrylic residue, which is incorporated into the polymer backbone.
Both, the maleic anhydrid and the methacrylic residue, are of hydrophobic character, which is
why it was reasonable to use a hydrophobic linker to reach the hydrophobic monomer. Hence, a
31
3 Creating Functional Polymersomes
spacer containing methylene units between both linking functional groups was used. Due to the
electrophilic character of both, the maleic anhydrid and the methacrylic residue, a binucleophilic
connector was required. Hence, 2-aminoethanol, 4-aminobutanol and 6-aminohexanol combined
all prerequisites mentioned and were consequently applied.
O OO










Figure 3.2: Synthesis of the crosslinking unit using a two -tep approach. At rst, the maleic
anhydride is transformed into the corresponding functionalized amide using a bifunc-
tional spacer. The residual alcohol was then esteried to obtain the nal methyl
methacrylate derivative (again: PDMIEM (x = 1), PDMIBM (x = 2) or PDMIHM
(x = 3)).
The synthesis followed literature procedures. [128,131] In a rst step, the amino unit reacts
exclusively with the maleic anhydrid due to its higher nucleophilic nature compared to the alcohol
functionality. By continuously removing water from the reaction, a maleic imide with an n-
alkylol residue could be achieved. Within the next step, the alcohol functionality is functionalized
using the highly electrophilic methacrylic acid chloride. By means of this two-step synthesis
with high yields in each step, all monomers were readily available (gure 3.2).
3.2.3 Polymer Synthesis
An amphiphilic polymer consisting of the components described above, will self-assemble into
a variety of structures (micelles, vesicles, worms, complex structures) depending on the block
length ratio between the hydrophobic and hydrophilic block. Thus, it is essential to reach
the desired block length and to keep the polydispersity D of the polymer as low as possible
to yield only the desired vesicular structure upon self-assembly. Consequently, a controlled
polymerization technique had to be applied. Atom transfer radical polymerization (ATRP)
was chosen, since PEG-PDEAEM and other polymersome-making polymers have already been
reported to be synthesized using this approach. [32,63,76,77,80,129] Consequently, the initial alcohol
residue of the starting PEG is transformed into an ATRP initiator (gure 3.3). As for the PEG-
PDEAEM example reported, [63] PEG with 2000 g/mol (45 repeating units, D = 1.06) was the
starting material of choice.
In order to obtain the ideal composition, a variety of polymers were created using the ap-
proach mentioned. Besides the correct block length ratio of about 1:2, with respect to the
monomer units, the amount of the crosslinker and the length of the its spacer were varied. All
characteristics mentioned could be determined using NMR spectroscopy.
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Figure 3.3: Synthesis of the macroinitiator (esterication) and the nal polymer PEG-b-
PDEAEM-s-PDMI(E/B/H)M (ATRP).
Logically, the 1H-NMR spectrum is dominated by the high amount of PEG protons, which are
an ideal internal standard for further calculations (signal 3 in gure 3.4). Now, characteristic
peaks for the hydrophobic segment were to be identied to yield proper values. Both parts of
the hydrophobic segment, the pH sensitive and the crosslinking unit, are a methacrylic polymer
functionalized using an ester bond. Consequently, the α-methylene units of the ester function-
alities are chemically very similar to each other and could therefore be used for calculating the
block length ratio (signal 1 in gure 3.4). In contrast, the methylene units in α-position to
the nitrogen atoms of PDEAEM (signal 5 in gure 3.4) and PDMIEM (signal 2 in gure
3.4) give narrow and distinct signals for each unit. Ideally, the integrals of signals 2 and 5
should sum up to the intensity of signal 1. Unfortunately the sum is usually higher, due to an
overlap of the PDMIEM signal just mentioned with residual solvent signal from tetrahydrofuran
(THF). Other signals often overlap and may therefore not be used for composition calculation.
A perfect example for those kind of signals, are the methyl protons of the PDMIEM. They
result in a sharp peak (signal 7 in gure 3.4), but overlap with backbone signals, which does
not allow for a use in composition calculation.
Hence, the signal intensities of PEG (signal 3), the α-methylene units to the ester func-
tionalities in PDMIEM and PDEAEM (signal 1) as well as the α-methylene unit to the amine
in PDEAEM (signal 5) were used to calculate the polymer composition.
To calculate the nal values, it has to be taken into account that each PEG unit has 4
protons, while all other units contain of 2 protons only. The integral of signal 3 is therefore
divided by 2. Hence, the block length ratio (blr) is calculated by comparing the length of the
PEG chain with the combined amount of PDMIEM and PDEAEM (ration of signals 3 and
1). Furthermore, the crosslinker content (clc) is accessible using the dierence between the
amount of PDEAEM in comparison to the complete hydrophobic part (signals 5 and 1) and
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Figure 3.4: 1H-NMR spectrum of PEG-b-PDEAEM-s-PDMIEM with all peaks labeled to the
corresponding groups in the molecule.
Using both formulas, the polymers were characterized. Since after that the content of every
component is known, the molar mass Mn could be calculated using this data. Further analysis
by GPC revealed monomodal distributed polymers with a D around 1.3. The polymers were
named after the crosslinker used (see above) and the crosslinker amount in the polymer (in
mol-%). Thus, a C4-20 polymer contains a crosslinker with a butyl spacer and the crosslinker
amount is 20 mol-% of the hydrophobic block. All polymers used for further investigations were
within the desired block length ratio (as reported previously), containing a hydrophobic block
of 80-100 units and a maximal D of 1.35. These properties were as expected for the controlled
radical polymerization applied. The polymer data are comprised in table 3.1.
Interestingly, the synthesis became more challenging with increasing crosslinker length due to
increasing problems in purication of the crosslinking monomer. While the C4-crosslinker was
pure enough after extensive purication to yield an acceptable polymer, no complete control
over the reaction could be reached, when a C6-polymer was synthesized. Due to this reason, the
D of the C6 polymer used is higher than the previous ones and does not reect the controlled
polymerization conditions intended.
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Table 3.1: Overview of the block polymers used for further investigations
Polymer CL-length* CL-content*1 Units in 2nd block1 blr Mn in g/mol
1 D2
no CL   90 1:2.0 18500 1.33
C2-2 2 (ethyl) 2 mol-% 95 1:2.1 19500 1.30
C2-5 2 (ethyl) 5 mol-% 82 1:1.8 17500 1.33
C2-10 2 (ethyl) 10 mol-% 85 1:1.9 18000 1.30
C2-20 2 (ethyl) 20 mol-% 85 1:1.9 18500 1.34
C4-10 4 (butyl) 10 mol-% 89 1:2.0 19000 1.26
C4-20 4 (butyl) 20 mol-% 100 1:2.2 22000 1.34
C6-10 6 (hexyl) 10 mol-% 80 1:1.8 18500 1.63
* CL = Crosslinker; 1Determined via signal intensity ratios in1H-NMR spectra as mentioned in
the main text; 2Determined by GPC. The hydrophilic part of every block copolymer is
PEG-2000.
3.3 Forming Stable Polymersomes
3.3.1 pH Sensitivity
With a variety of polymers in hand, polymersomes could be formed readily by simple pH switch-
ing. The pH sensitive nature of the hydrophobic block allows for dissolving the whole polymer
in water at acidic conditions. Here, the amine functionality (PDEAEM) is protonated and thus
positively charged (PDEAEM+), which results in good water solubility. Now, the solution is
switched to a basic state, deprotonating the amine functionality and resulting in the original
PDEAEM. Hence, the polymer returned into its original amphiphilic character and is able to
form vesicles. Logically, the hydrophobic parts of the polymer chains now aggregate to prevent
any contact with the solvent, they are now insoluble in. Due to their specic block length
ratio, these polymers do not aggregate to micelles, but form a polymeric vesicle consisting of
a polymer bilayer. This process was shown to be totally reversible. The diameters reached of
around 100 nm totally agree with the literature values for PEG-PDEAEM polymersomes. [63,65]
Once the solution is acidied again, the polymersomes disassemble, resulting in single polymers
within the solution (veried by DLS, gure 3.5 for C2-5 polymer).
The polymers investigated contain dierent amounts of crosslinker and therefore also a dier-
ing amount of pH sensitive monomer. To ensure an ecient crosslinking process, the polymer
should have a high amount of crosslinker which does not aect pH sensitivity. Here, thorough
studies were conducted using various crosslinker amounts of a C2 crosslinker as well as with
selected amounts of C4 and C6 crosslinking units. A comparison of the diameters in basic and
acidic conditions of all polymers in non-crosslinked conditions, veried the hypothesis. All C2
and C4 polymers formed polymersomes at basic conditions and disassembled to single polymer
chains of around seven nanometers in acidic conditions. Interestingly, the PDI of the structures
detected at acidic conditions is 0.6, which indicates the lack of denite structures present in
the solution. This broad distribution is another proof of vesicle disassembly. Due to the high
D of the C6-10 polymer investigated (1.63), it is not sure, whether they form polymersomes.
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Figure 3.5: DLS studies showing the fully reversible process from a dissolved polymer (values
for C2-5 polymer) at pH 3 to polymersomes at pH 9 and back to single dissolved
polymer chains at pH 3.
A diameter measured (DLS) of 55 nm suggests an intermediate structure, which still allows for
further use in crosslinking studies (table 3.2)
Table 3.2: Results of polymer thought to form polymersome with dierent amounts and kinds
of crosslinker at acidic and basic conditions
Polymer
pH 9 pH 3
pH sensitive4
Size1 Polymersomes2 PDI3 Size PDI3
C2-0 90 nm yes 0.2 7 nm 0.6 yes
C2-2 85 nm yes 0.2 8 nm 0.6 yes
C2-5 70 nm yes 0.2 7 nm 0.6 yes
C2-10 110 nm yes 0.2 7 nm 0.6 yes
C2-20 140 nm yes 0.2 6 nm 0.6 yes
C4-10 95 nm yes 0.2 6 nm 0.6 yes
C4-20 110 nm yes 0.2 5 nm 0.6 yes
C6-10 55 nm unknown5 0.3 6 nm 0.6 yes
1Diameter determined via DLS, evaluation using volume distribution plot; 2 The sizes
determined are within the range which is generally accepted as sizes of polymersomes for this
kind of polymer; 3 PDI of structures determined via DLS; 4 If the diameter drops upon
acidication with a great rise in PDI, no dened structures are present within the solution
indicating disassembly and thus, pH sensitivity; 5 The smaller size combined with a higher
PDI indicates a variety of structures being present in the solution.
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3.3.2 Crosslinking of Vesicles
Since pH sensitivity was proven for all polymers, their crosslinking behavior was to be examined
as a next step. The photo crosslinkable maleic imide derivatives in the PDMIEM units crosslink
upon UV irradiation. It is therefore necessary to check whether the polymersomes are able to
withstand the UV irradiation. If any notable change in size was observed (e.g. shrinkage due to
gelation), another crosslinking method would have had to be chosen. However, no change in
diameter was observed for all polymers containing an ethyl spacer within their crosslinking part
(C2 polymers) for 2 hours of UV irradiation (gure 3.6). Since the other polymers only dier
in crosslinker spacer length and not their content, it is reasonable to assume their stability.
























Figure 3.6: Development of the polymersome size (peak diameter) depending on the time irra-
diated. All polymersomes show a stable size and no UV-induced disassembly.
As it was now certain that the vesicles physically withstand the UV irradiation, the actual
crosslinking process was to be studied next. Upon UV irradiation, the double bonds of the 3,4-
maleic amide group within the PDMIEM form a cyclobutene ring (gure 3.7 right). [128,130,131]
Due to the neighboring carbonyl functionalities and the adjacent methyl groups, these double
bonds are chemically and sterically virtually inert towards polymerization. Additionally, accord-
ing to Woodward-Homann rules, [132134] the cycloaddition towards a cyclobutane ring is only
possible upon UV irradiation. The rules state that [2+2] cycloadditions are only photochem-
ically allowed and thermally forbidden. [133,135]. It was now necessary to nd the irradiation
time after which the polymersome membrane is suciently crosslinked. Only if the vast ma-
jority of all polymer chains are interconnected, the polymersomes do not disassemble upon
acidication. Logically, the pH sensitivity remains after the photo crosslinking process and the
positive charges developing still repel each other causing the polymer chains to move apart.
However, the crosslinked connections prevent disassembly resulting in a swollen polymersome.
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These swollen vesicles can now be detected using DLS. Hence, if the size of the agglomera-
tions at acidic conditions is monitored, a sharp rise in diameter can be detected upon a certain
irradiation time. The time point of the sharp rise is the crosslinking time for the polymer-
somes (gure 3.7). Again, the necessary amount of crosslinker within the block colymer was
tested before the length of the spacer within the crosslinker. A control experiment with the
non-crosslinkable C2-0 polymer showed the expected behavior of no crosslinking. For all UV
irradiation times tested the polymersomes disassembled into single polymer chains and showed
no signs of aggregation into patches. Thus, the polymer itself is stable towards UV light and
shows no formation of radicals or other reactive species. Interestingly, polymersomes consisting
of C2-2 and C2-5 polymers show the same behavior and no sign of crosslinking for up to 120
min of UV irradiation. If a C2-10 polymer is used, the mentioned sharp rise in diameter is visible
and reaches a maximum after 80 minutes of irradiation, indicating the crosslinking time for this
polymer. Interestingly, the same behavior is visible for the C2-20 polymer tested (summarized
in gure 3.7)
Here, larger agglomerates than for polymersomes of C2-10 polymer are already detectable
after 60 minutes of UV irradiation, but the nal crosslinking is also reached after 80 minutes of
UV irradiation. Other than expected, a doubled amount of crosslinker does not eect crosslink-
ing time of the polymersomes created. Apparently, once a minimal threshold of crosslinker is
present, the movement of the molecules allow for the formation of crosslinking bonds them-
selves, so that a larger amount of crosslinker has no eect on the reaction time needed for
thorough crosslinking.
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Figure 3.7: Peak diameters (volume-% plot) detected at pH 3 for dierent UV irradiation times.
While non-crosslinked polymersomes disassemble into small aggregates, crosslinked
ones (reaction of PDMIEM shown right) swell, resulting in a distinct rise in diam-
eter followed by a plateau. The irradiation time when the plateau starts, is the
crosslinking time.
After crosslinked polymersomes were available, the crosslinking process was to be optimized.
Since the polymersomes are designed for synthetic biology, enzymes or other complex biological
structures are to be encapsulated within them. Here, UV irradiation may destroy great parts of
the biological functionality and has to be kept as low as possible. Obviously, 80 min are already
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a long irradiation time and measures for shortening have to be taken. As a rst step, the
crosslinker with longer spacers (i.e. C4 and C6 polymers) were tested using the same method
of crosslinking. While no eect was visible using the C4-10 polymer (crosslinking time still 80
min), the use of a C4-20 polymer showed to be very helpful to cut the UV irradiation time
necessary. For this polymer, complete crosslinking could already be detected after 45 min of
UV irradiation (table 3.3). In this polymer the crosslinking part of the polymer is longer than
the pH sensitive part (butyl chain in C4 spacer instead of ethyl chain in PDEAEM) and is
able to stick out of the hydrophobic chain. Thus, the crosslinking moieties, e.g. the maleic
imide residues, are sterically less hindered for the [2+2] cycloaddition, meaning the crosslinking
reaction. Interestingly, using yet longer chains, so C6 polymers, did not yield further shortened
crosslinking times. In contrary, structures resulting from the C6-10 polymer showed crosslinking
after 120 min of UV irradiation, making it even less suitable than the initially studied C2 and
C4 polymers (table 3.3). Together with the synthetic problems discussed previously, the C6
polymer proofed to be not applicable to form crosslinked polymersomes for synthetic biology
and was not used in all further studies. Additionally, any polymers yielding non-crosslinkable
polymersomes (C2-0. C2-2 and C2-5) were left out as well for further studies. Consequently,
only the C2-10, C2-20, C4-10 and C4-20 polymer were used from this point onwards (see table
3.3).
Table 3.3: Crosslinking time of polymersomes of dierent polymers with dierent UV sources
Polymer CL time lamp 11 Crosslinkable Further use CL time lamp 22 pKa3
C2-0 no CL no no  
C2-2 no CL no no  
C2-5 no CL no no  
C2-10 80 min yes yes 3 min 7.3
C2-20 80 min yes yes 2 min 7.0
C4-10 80 min yes yes 2 min 7.1
C4-20 45 min yes yes 0.5 min 6.8
C6-10 120 min yes no  
1Crosslinking time using a medium pressure mercury lamp in a UV chamber (see experimental
part for details); 2Crosslinking time using a high pressure UV spot curing system (see
experimental part for details); 3Determined via pH titration and DLS measurement - when a
half-swollen vesicle is reached, this point is taken as pKa.
As a next step, the crosslinking time of polymersomes based on the 4 crosslinkable polymers
was to be cut further. Since the crosslinker itself was not to be changed and the temperature
could not be changed easily, the most convenient way to get a more ecient crosslinking
was to alter the UV source. The device used initially contains a medium pressured mercury
lamp as UV source. It is known that the emission spectrum of mercury lamps vary with the
pressure applied. Consequently, a device containing a high pressure mercury lamp came to
use next. With this lamp, several changes were detected, out of which the enormous drop
in UV irradiation time necessary is the most obvious. Now, polymersomes out of a C4-20
polymer were crosslinked after only 30 s of irradiation, meaning a drop of almost 99 % in
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time (table 3.3). For polymersomes based on the other polymers examined (C4-10, C2-10 and
C2-20, all 80 min crosslinking time previously), the time necessary for crosslinking dropped
considerably as well. Now, the C2-20 and C4-10 polymer yielded polymersomes which need 2
min of UV irradiation to reach a crosslinked state. However, the third polymer, C2-10, gave
polymersomes which needed 3 min of necessary crosslinking time (table 3.3). However, using
the high pressure mercury lamp, a clear trend towards shorter UV irradiation time necessary
to reach crosslinked vesicles became obvious. One tendency is that the C4 polymers yielded
vesicles with shorter crosslinking times than their C2 polymer counterparts did. A result which
can be explained easily by their lowered sterical hindrance to form the crosslinking bonds (as
previously mentioned). Another clear trend is that polymers containing more crosslinker (C2-20
and C4-20), show faster crosslinking than the ones with lower crosslinker content (C2-10 and
C4-10) (table 3.3). Here, the eective concentration of crosslinking moieties correlates directly
with the reaction rate, which goes along with general laws for chemical reactions.































Figure 3.8: Polymersomes formed of dierent polymers showing a pH dependent swelling after
crosslinking, including TEM pictures of swollen and unswollen C4-20 of polymer-
somes. When the half-swollen state is reached, this pH is dened as the pKa of the
polymersome.
A very important characteristic value for every pH sensitive system is the pKa, e.g. the value,
when half of the pH sensitive groups present are protonated and unprotonated. For single
molecules, this point is detected by correlating the amount of acid or base (titrator) added with
the nal pH value of the solution. Upon reaching the pKa, the pH sensitive material buers
the added titrator and almost no change in pH can be observed. The point of lowest change in
pH upon added titrator is the pKa of the material. However, for the polymersomes discussed
the buering property of the PDEAEM part is less important than the pH dependent swelling
it causes. Here it is important to note that the vesicular structure of the swollen and unswollen
polymersomes could be conrmed by TEM measurements. It is therefore reasonable to plot
the relative polymersome size over the pH value of the solution (gure 3.8). Once the amino
groups of the PDEAEM get protonated, the swelling begins and stops, when enough groups are
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protonated to reach the maximum swelling size. However, this point of maximum swelling is
not necessarily reached, when all amino units are protonated. Hence, a swelling degree of 50 %
does not necessarily mean that half of the PDEAEM units are protonated. However, since the
swelling is the most characteristic value of the polymersomes, the pKa of the polymersomes is
dened here as the pH, when the polymersomes reach 50 % swelling. Upon comparing the pKa
of the polymersomes examined (table 3.3, gure 3.8), it is notable that the range from 6.8 for
polymersomes made from C4-20 to 7.3 for the ones created based on C2-10. Since all polymers
have the same pH sensitive part, this range in pKa is only due to the dierent crosslinkers used.
For both crosslinker spacer, polymersomes with higher crosslinker content have a lower pKa
than their counterparts with lower crosslinker content (C4-20 (6.8) vs C4-10 (7.1) and C2-20
(7.0) vs C2-10 (7.3), table 3.3). Both Cx-20 polymers have a higher content of non-switchable
material (i.e. crosslinker) than Cx-10 materials. Thus, polymersomes of these polymers need
to be protonated more to get the same charge density and thus the same degree of swelling.
A higher degree of protonation needed, results in a lower pKa observed. It is also notable that
polymersomes of C4 polymers have a lower pKa than their C2 counterparts (table 3.3). Here,
the longer spacer within C4 polymers results in higher hydrophobicity of the crosslinker content
within the polymer. As for the crosslinker content, a higher content of hydrophobic material
leads to a higher degree of necessary protonation to reach the same eect. Again, the pKa
decreases for this reason.
With all methods and results discussed until now, it is certain that the polymersomes are
crosslinked enough to prevent disassembly upon acidication. However, the reversibility of the
swelling process is to be proven yet. If non-crosslinked polymer chains are still present in the
polymersome, they would leave the vesicle membrane during an acidic period. In consequence,
the polymersome would deswell to a smaller size in the following basic period than before. Be-
sides, the size reached upon the next swelling would decrease as well, since less polymer chains
mean less charged groups to be present. To be certain of thoroughly crosslinked polymer-
somes with no non-crosslinked chains present, the swelling-deswelling cycle has to be reversible
various times, without any clear variation in neither conditions, acidic or basic. Hence, our
polymersomes of the C2-10, C2-20, C4-10 and C4-20 polymersomes were now tested for their
size development upon repeated changes in pH after they were crosslinked (5 cycles in total).
While slight deviations were visible, all crosslinking times mentioned in table 3.1, lead to stable
crosslinked vesicles (gure 3.9). The deviations visible are due to instrument errors and are
within the normal deviations of DLS measurements. Besides these small deviations, polymer-
somes of all polymers tested show no tendency of decreasing or increasing size at an acidic or
basic pH value. Hence, they are all crosslinked in a stable manner (gure 3.9).
3.4 Polymersome Formation by Electroformation
Until now, all polymersomes discussed were created using the so-called pH switch method. The
initial polymer is dissolved in acidic water and the polymersomes are formed in a self-assembly
process initialized by a pH switch to basic values. Polymersomes of about 100 nm in diameter
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Figure 3.9: Reversible swelling upon repeated pH switches for all polymers examined (peak
diameters as given by DLS). Since all show a reproducible swelling, the crosslinking
is thorough.
were reached using this approach (table 3.1). While this size is supposingly large enough to
enclose enzymes (diameters of 3-8 nm), the polymersomes are still too small to be visible using
light microscopy. Here, at least 2-5 µm in size are necessary. For liposomes, electroformation
is a known method to create large vesicles of several micrometers in diameter. [8991] Here,
an alternating current of a dened frequency is applied on the deposited polymer, in order to
create large vesicles. The polymer is either deposited on a platinum wire (standard method)
or on an indium tin oxide (ITO) coated glass coverslide, if the standard method does not yield
free-swimming vesicles.
For the polymers discussed in this work, growth of the vesicles was only observed from a
thin lm on an ITO surface (gure 3.10 a (all from C2-10 polymer)). Laser scanning con-
focal microscopy (LSCM) [99] was used to visualize the membrane of the vesicles by adding a
hydrophobic green uorescent dye (gure 3.10 b) and a hydrophilic red uorescent dye (gure
3.10 c). While the hydrophobic dye was added to the polymer prior to vesicle formation, the
hydrophilic dye was added afterwards. This proved the non-permeability of the hydrophobic
membrane for the diusion of the hydrophilic dye into the inner compartment of the vesicles
under basic conditions (gure 3.10 c). In both cases, no diusion of the dyes into the vesicles
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Figure 3.10: Microscopic images of C2-10 polymersomes created using electroformation; (a)
bright eld image (all other LSCM images), (b) image after vesicle formation,
green hydrophobic dye, (c) same spot, now red hydrophilic dye visible, (d) overlay
of both images revealing vesicles being sealed towards diusion and perfect overlay
of both dyes, (e) giant vesicle (over 100 µm) with overlay of both dyes, (f) the
shape of the vesicle is indicated as inset in the image (a).
was observable, but only localization in the membrane or at the interface between the mem-
brane and outer shell (gure 3.10 d). Additionally, electroformation allowed for the formation
of large - or giant - vesicles of up to 200 µm [91] in diameter (gure 3.10 e).
Despite electroformation being a promising approach to achieve large vesicles, the adhesive
force of the polymers to the ITO crystal is too high to detach them. Due to this adhesion,
only half-shell structures could be obtained (gure 3.10 f). Thus, all further experiments were
carried out using the polymersomes (Table 1: 90135 nm) created by pH switch.
3.5 Summary
In the last chapter, the formation of stable polymersomes was discussed. The process started
with the synthesis of the monomer, the macroinitiator and nally, the amphiphilic block copoly-
mers. Afterwards, various characteristics of the polymersomes were discussed and the corre-
sponding analytical data shown.
In order to create functional polymersomes, the anti-fouling, biocompatible PEG was chosen
as hydrophilic part and combined with the pH sensitive PDEAEM and a crosslinker. To reach
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Figure 3.11: Overview on the polymer synthesis and the functionalities of the nal amphiphilic
block copolymer. The parts of the amphiphilic character and additional func-
tionalities of the hydrophobic block (pH sensitivity and crosslinking) are shown.
Polymersome pictures indicate the result of crosslinking (red dashes symbolize
crosslinked units) and pH sensitivity (reversible swelling upon protonation).
the optimal polymer composition, crosslinkers with dierent spacer lengths (C2 (PDMIEM),
C4 (PDMIBM) and C6 (PDMIHM) spacer) were used in dierent amounts within the nal
block copolymer (gure 3.11). Since the PEG macroinitiator was available within one synthetic
step and the crosslinking monomer demanded only 2 steps of chemical synthesis, the starting
materials were easily available. Only the purication of the nal crosslinking monomer proved to
be more time consuming. Based on the dierent crosslinkers used, amphiphilic block copolymers
C2-0, C2-2, C2-5, C2-10, C2-10, C4-10, C4-20 and C6-10 were synthesized in order to nd
the optimal composition. While the rst number indicates the crosslinking monomer used,
the second number is the amount (in mol-%) of crosslinking monomer in the hydrophobic
block (table 3.4 and gure 3.11). With dierent amphiphilic block copolymers in hand, several
characteristics were examined.
All polymers, except for C6-10, had a block-length ratio (hydrophobic/hydrophilic) of 1.8-2.2
and a D of about 1.3. Those were key characteristics for the polymers to allow the formation of
polymersomes. Since pH sensitive polymersomes were known in literature previously, crosslink-
ing was the key issue addressed. Here, low crosslinking times of 30 s (C4-20), 120 s (C4-10 and
C2-20) and 180 s (C2-10) UV irradiation could be reached and were used for further investiga-
tions. Since the polymersomes of C2-0, C2-2 and C2-5 polymer did not show any crosslinking,
they were not investigated any further (table 3.4). Also left out of further investigations was
the C6-10 polymer because the corresponding polymersomes showed a longer crosslinking time
than their counterparts with shorter crosslinkers. (gure 3.11)
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Table 3.4: Summary of the polymers investigated to form photo crosslinked and pH sensitive
polymersomes.
Polymer CL name1 CL content2 blr3 D4 Psome formed5 CL time6 pKa7
C2-0 none 1:2.0 1.33 yes, nCL8 
C2-2 PDMIEM 2 mol-% 1:2.1 1.30 yes, nCL 
C2-5 PDMIEM 5 mol-% 1:1.8 1.33 yes, nCL 
C2-10 PDMIEM 10 mol-% 1:1.9 1.30 yes, 180 s 7.3
C2-20 PDMIEM 20 mol-% 1:1.9 1.34 yes, 120 s 7.0
C4-10 PDMIBM 10 mol-% 1:2.0 1.26 yes, 120 s 7.1
C4-20 PDMIBM 20 mol-% 1:2.2 1.34 yes, 30 s 6.8
C6-10 PDMIHM 10 mol-% 1:1.8 1.63 not only9  
1 Crosslinker name, see gure 3.11; 2 Crosslinker content in hydrophobic block; 3 Block length
ratio of hydrophilic to hydrophobic; 4 Dispersity of the polymer, determined by GPC; 5 PSome
= Polymersome, formation determined via DLS; 6 Time of UV irradiation to reach
crosslinking; 7 pH value when 50 % swelling of crosslinked polymersomes is reached; 8
Non-crosslinkable within the time period tested; 9 Broad distribution, micelles are formed as
well.
After crosslinking, the pH sensitivity of the polymersomes was investigated. Once the solution
becomes acidic, the amino groups of the PDEAEM get protonated and therefore positively
charged and hydrophilic. Now, the positive charges repel each other and the hydrated molecules
move away from each other until they are held back by the crosslinking bonds. This swelling
process is dened and reproducible at least 5 times for each type of crosslinked polymersome
investigated (gure 3.11). Logically, the swelling occurs within a dened pH range around the
pKa of the pH sensitive part (PDEAEM). The pKa of the formed polymersome is here dened
as the point, when swelling degree of 50% is reached. Generally, polymersomes containing
more hydrophobic material (crosslinker amount and spacer length), showed a lower pKa value.
Here, more charges were necessary to overcome specic hydrophobic-hydrophobic interactions.
Consequently, polymersomes of the C4-20 polymer showed the lowest pKa (6.8) (high crosslinker
content and long spacer) and the ones consisting of C2-10 polymer the highest pKa (7.3) (table
3.4). Since both are close to neutral pH, they allow for switching at physiological range without
aecting any eventually enclosed biological content. However, a low pKa is more suitable to
avoid any early switching e.g. in PBS buer which has a pH of 7.4. Due to its combined good
qualities of a low pKa and the shortest crosslinking time, C4-20 polymer was used exclusively
for experiments in the following chapters.
For all experiments polymers which self-assemble into vesicles of about 100 nm upon a pH
switch, were used. However, the formation of larger vesicles was also possible using electrofor-
mation. This method yielded half-round vesicular structures which could not be detached from
the ground. That is why this method was not used further on, although the resulting structures
were of 20-150 µm in diameter.
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4.1 Introduction
In polymersome studies, the focus is often the nal vesicles and their abilities. Hence, it is
usually studied, how the - however functionalized - produced vesicles behave upon an external
stimulus. A rather seldom approach is to have a closer look at the membrane itself, [46] when
it is not forming a polymersome. In the end the molecular changes within the polymer chains
rst eect the membrane before it eects the nal properties of the polymeric vesicle. To study
the supported wet membrane directly is therefore a more direct approach and properties like
thickness, rigidity and uidity of the bilayer become accessible. In this respect rigidity describes
the elasticity (E-module) of the formed material and uidity means the ability of single polymer
chains to diuse within the deposited bilayer. Due to these reasons, the membrane itself will
be discussed in the following chapter.
From the amphiphilic block copolymers synthesized (see section 1.2), the one with the best
prequisits for further applications (C4-20) will be in focus for the membrane studies ahead (see
section 3.5). In the end, the key properties like pH sensitivity and the ability to be crosslinked is
there for all other polymers as well. Hence, it can be suspected that general conclusions drawn
from the studies with C4-20 polymer can be adapted for the other polymers as well. Since it
yielded the more ecient crosslinking, the spot curing system equipped with a high pressure
mercury lamp was chosen for the crosslinking process.
4.2 Deposition of a Polymer Bilayer
In order to study the membrane (or bilayer) it has to be produced previously from the bulk
polymer. As usual for polymersomes, good advice is usually available from experiences with
liposomes due the structural similarity (vesicle formed by a bilayer of amphiphilic molecules).
This advice accounts also for the supported bilayers, which are heavily studied for lipid mem-
branes. [5,89,136] A usual method for liposomes is to form supported bilayers from pre-formed
vesicles on plasma-cleaned surfaces. [113] Although a success could not be guaranteed, the same
approach was chosen for polymersomes.
The polymersome making process was not altered for the preparation of supported bilayers.
Again the single polymer chains were dissolved at pH 2 and any dust or undissolved residues
removed. Then vesicle self-assembly was induced by a pH change to a value of 9 to 10. It
was now important that the vesicles have an energetic reason to leave their stable shape of a
vesicle and form a bilayer. A plasma-cleaned silica surface (e.g. SiO2 surface of a Si wafer)
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PEG chain Deposited polymer
Figure 4.1: Scheme, how polymer bilayers are deposited on a plasma-cleaned surface (O-
present). Pre-formed polymersomes (of C4-20 polymer) are transferred to such
a surface, where they spread to give a single polymer layer on the surface which
can then support the desired supported bilayers (multiple layers expectable) as a
tethered bilayer.
is a commonly used substrate for polymer lms and was also used here. The plasma cleaning
removes any residual organic matter from the surface and puts a slight negative charge onto
it. Since the surface of the wafer consists of a thin layer of oxidized silicon, e.g. silica, partially
deprotonated oxygen atoms on the surface are present for a short time after the cleaning
procedure. [137,138] These charges now attract anything positively charged. At this point, the
pH sensitive part of the polymer comes into play again. Although mainly deprotonated, enough
charge may remain in order to induce the formation of a single polymer layer, thus inducing
the so-called vesicle spreading (gure 4.1). Once enough single molecules left polymersomes
and formed an initial layer, the surface is now covered with single polymer chains, due to the
positive charges in the hydrophic part of the polymer. The residual part of the polymer chain,
the hydrophilic PEG part, should not show a distinct interaction with the wafer surface and
is likely to point into the solution (gure 4.1). However, this inititial layer is no bilayer and
not the goal of the procedure. Once created though, they give support to a polymer bilayer to
be formed. Any vesicle surface can now interact with the PEG chains present on the surface
and intertwine with them, an interaction, which can cause the vesicles to open up and form
the desired polymer bilayer. Such a bilayer is now called a tethered bilayer. [136,139,140] It is
quite likely that the initial polymer layer is too thin to be detectable (and not shown in the
bilayer-gures), but it is a necessary precondition. While this explains the formation of the
rst bilayer, the formation of eventual additional bilayers of the polymer membrane, which
are likely to be formed, has to be discussed dierently. The reason for this behaviour is the
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solubility behavior of PEG. Although it is water soluble, it contains two methylene units and
only one hydrophilic oxygen atom in each repeating unit. Hence, it is likely that hydrophilic
PEG-PEG interactions are energetically possible and may be favored over hydrophilic PEG-water
interactions, as known from literature. [141] As the initial polymer bilayer is formed, the outer
PEG chains of the remaining polymersomes have the chance to interact and entangle with the
PEG groups on the surface. Once there, those vesicles can now spread onto the preformed
bilayer, forming a second layer on top of it. Logically, this process can continue from there
on, forming multiple layers of dierent heights. As an ideal method to proof this theory and
eventually analyze the bilayer structure, AFM was chosen.
Formation at pH = 9 Switch to pH = 4 
Figure 4.2: AFM images of polymer islets deposited on plasma-cleaned surface at pH 9. After
switching to pH 4, virtually all structures left the surface - a clear indication of a
deposited polymer bilayer.
However, before determining the height of the polymer bilayer, it is more important to
proof that polymersomes form a bilayer in the rst place. Ideally, the polymer bilayer leaves the
surface, once the solution is acidied. Now, the pH sensitive part of the polymer gets protonated
and the whole polymer water soluble. The same force, which causes the polymersomes to
disassemble (see section 3.3.1), the repellence of the positive charges in the PDEAEM+, should
now force the non-crosslinked deposited bilayer to leave the surface. This is proven by comparing
AFM images at pH = 9 and pH = 4 (gure 4.2). As it is well visible, numerous spots, meaning
possible spreaded vesicles, are visible on the image taken at basic conditions. In contrast,
virtually no spots can be detected on the image taken at pH 4. Now all polymer chains, also
the rst monolayer, left the surface due to the reasons discussed above. This result clearly
shows that the deposited material were spreaded polymersomes (as indicated in gure 4.1) and
now allows for further bilayer analysis in a wet state. Since any shear rate might aect the
bilayer properties, no ow cell was used, but the bilayers examined in a steady solution on top
of the Si wafer.
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4.3 Thickness of the Bilayer
The most obvious characteristic of a desposited bilayer is its height, making it the rst one to
be addressed. Besides the height of single layer, a step-wise grouping of heights would proof
the layer-by-layer growing as proposed above (section 4.2).
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Figure 4.3: a) The AFM tip scans the formed surface to yield a height prole. From this prole,
all maxima need to be evaluated. b) Several images of deposited polymersomes were
evaluated, the blue lines indicate, where the prole was measured. c) Histogram
of the heights recorded. The obvious groups were then analyzed separately to give
layer-by-layer structure of the bilayer analyzed.
As a next step, the non-crosslinked bilayers formed were studied in basic conditions. In order
to determine the layer height, a variety of silica wafers were scanned with AFM, after they
were incubated with a polymersome solution. While the tip scans the surface, it eventually
discovered various layers of spreaded vesicles on the Si wafer surface. Now the heights of
randomly chosen spots of spreaded vesicles were measured and the corresponding height proles
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recorded (see gure 4.3 a). In order to reach the actual height of a spot, great emphasis was
laid upon hitting the actual top of the spots evaluated. From each prole, every peak height
was recorded. This procedure was repeated numerous times in independent experiments to get
reliable data (measuring spots: blue lines in gure 4.3 b, peak evaluation as shown in gure
4.3 a). After a substantial number of peak heights were collected, they were sorted and plotted
by size (histogram, see gure 4.3 c). This plot revealed a remarkable property of the spreaded
polymersomes. It shows a separation into individual groups of equally distanced spots. Between
5 and 10 nm a rst peak in the distribution is obvious followed by a gap after 10 nm. The very
same behavior repeats itself another two times in the histogram-evaluation. After the second
peak in the distribution at 15 nm a gap follows before the consecutive maximum at 22 nm.
Again, a gap can be seen afterwards until the last group of heights just below 30 nm.
The rst maximum should represent the thickness of a single supported bilayer present on
the surface. Each of the following group of heights then represents another bilayer deposited
on the rst one. This assumption is in total agreement with the numeric height values of
each layer, which increase by just over 7 nm each time. Additionally, it also shows that the
initial polymer layer supporting the tethered bilayer is not detectable. Theoretically, each new
layer should occur more seldom than the previous one (histogram, see gure 4.3 c). The
decreasing number of heights with every new layer totally agrees with this theory and supports
the assumption of bilayer deposition once more. As it is apparent, not all single layer spots
are covered by a second one. This reduces the surface of two-layered lms and hence also the
probability for a third layer to form. Consequently, each new layer is less likely to be found the
previous one. Additionally, the bar chart evaluation (see gure 4.3 c) also revealed small values
of standard deviation for each layer, which again supportes the assumption of a layer-by-layer
deposition of polymersomes. In sum, all layer data support the theory that a rst layer of
spreaded polymersomes can act as a substrate for a further layer to deposit, an assumption,
which goes along with recent literature. [46]
It was also of interest, whether additional layers would compress lower layers by the force
applied due to their weight. If a compression would happen, the average height would decrease
with increasing layer thickness. However, a comparison of the average height for one, two,
three and four layers revealed no tendency. The initial decrease from 7.4 nm thickness to an
average of 7.2 nm for two layers did not continue for further layers (see gure 4.3 c). In the
case of four polymer bilayers upon each other, the average height went up again to 7.3 nm,
making it certain that no compression is occurring.
Another method to determine the dimensions of the polymer bilayer, is to analyze the formed
bilayer surrounding the vesicles. One way to do this is the analysis via cryo-TEM or normal
TEM micrographs with a stained hydrophobic block, which also give a membrane thickness.
The latter one is chosen here. Since the formation and detecting mode is substantially dierent
from the method discussed previously, the resulting values may be dierent. A major dierence
is the detecting mode. While AFM measures the bilayer directly, selective staining is necessary
in TEM, since the contrast between polymer of the deposited vesicles and water is too low to be
detected properly. However, a metal-stained membrane is easily visible. In order to get the nal
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Figure 4.4: Measuring membrane thickness using TEM images (PTA staining, C4-20 polymer).
a) The images show the formation of polymersomes at pH 5.5 (lines 1-3) and 8.5
(lines 4-6), the red lines indicate, where the membrane thickness was measured. b)
Typical intensity prole (line 4 is shown) and how the membrane thickness was
determined. c) Bar chart showing TEM-based membrane thickness for acidic and
basic conditions, including error bars (standard deviation).
thickness of the bilayer, intensity proles were taken at various points (gure 4.4 a, lines 4-6
for basic conditions). The proles always revealed a stable internal level of brightness as well
as a stable value outside of the non-crosslinked vesicle which was always lower, a phenomenon
resulting of a constant level of diluted staining agent in the outside solution. When determining
the thickness, this lower brightness was taken as reference in the intensity prole. Starting from
the bright inside, the brightness dropped sharply upon reaching the stained membrane and
recovered to the mentioned lower brightness afterwards (gure 4.4 b). Hence, the reference
height is crossed when reaching the membrane from the inside (inner point) and reached again
on the outside (outer point). The distance between the inner and the outer point was taken as
membrane thickness (as shown in gure 4.4 b). Although not expected, the resulting value of
7.0 nm matches the previous AFM results almost perfectly (7.3 nm). So close results of these
independent methods allow the conclusion that the real value of membrane thickness is also in
this range.
4.3.2 Thickness Determination at Acidic Conditions
The key point of the polymersomes created, is the combination pH sensitivity and crosslinking,
a combination, which resulted in the dened reproducible swelling-deswelling behavior of the
polymersomes (see section 3.3.2). Of course, the swelling should also be notable within the
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membrane itself. Hence, the acidied membranes was measured with the same methods as the
basic ones (TEM and AFM).
For TEM it was certain to obtain data. The crosslinked vesicles (high pressure lamp, 30 s
of irradiation) could not be destroyed through acidication leading to an intact membrane at
acidic conditions. Conducting the same procedure as for basic conditions (using the intensity
prole), a thickness of 10.5 nm could be determined (gure 4.4). Compared to the result of
7.0 nm for basic conditions, the results means a swelling degree of about 50 % in relation to the
original size. Interestingly, this occurs within the same range of the whole polymersome, which
shows a swelling degree of roughly 40 % in relation to the original diameter upon acidication.
A result which was not unexpected, since the swelling of the whole vesicle could only be due
to a membrane change, e.g. a swelling of a similar proportion.
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Figure 4.5: Height measurements at acidied bilayers, which were formed and crosslinked at a
basic state (scheme a); a) Defects in the membrane lead to intermembrane crosslink-
ing of diering density. The height images shown in (b) were evaluated and the
results visualized in a histogram (c) for each condition.
52
4 Characterization of the Polymer Bilayer
It was now of interest, how the deposited bilayers would respond upon acidication. As
previously mentioned, uncrosslinked polymer bilayers simply dissolve upon acidication (gure
4.2). Hence, the adhesive force between the PEG parts and the Si wafer surface is not high
enough to prevent detachment of the single polymer chains at acidic conditions. This behavior
changed completely after crosslinking the membranes. After 30 s and 60 s of UV irradiation
(high pressure mercury lamp) with consecutive acidication, patches of polymer bilayers were
detected (gure 4.5 b). Unlike their non-crosslinked precursor, the crosslinked polymersome
patches now stick to the surface tight enough to prevent detachment. An evaluation of the
height of the patches reveals an interesting change towards basic conditions. While a layer-
by-layer structure could be observed in basic conditions, no such explicit structure could be
determined in the acidic state. Here, an almost continuous range of heights could be detected
for the conditions tested (gure 4.5 c). Again, structures of lower height were present more
often than larger ones. However the histogram evaluation of 30 s and 60 s UV irradiation
suggests the presence of a second layer after the obvious initial one (gure 4.5 c). Although
low in intensity, an additional peak may be suspected at 50 nm, just after the initial one at
around 25 nm. A thickness of each swollen layer of about 25 nm would mean a rise by 3.5
times compared to the height at basic conditions, a rise which seems quite high compared to
results discovered by TEM (rise to 1.5 times of the original height). TEM, however, does not
consider the PEG corona, which may lead to the dierence mentioned. Being able to detect a
second layer however, indicates the stability of the multi-layer structure.
Besides the vanished obvious layer structure, it is also notable that the range of heights rises
considerably. The rst peaks in height distribution at acidic conditions show a quite high rst
bilayer compared to the initial layer height of 7.3 nm. Noting a height of 25 nm for the rst
layer means a rise of about 350 % for the rst layer. But also the maximal heights recorded rose
considerably. While a maximum of 29 nm was detected in basic conditions, the sizes now range
up to 170 nm for 30 s and 140 nm for 60 s of UV irradiation. This means a rise in maximal
height of roughly 400 % after acidication. Both maxima (140 and 170 nm) cannot result
from a single polymer bilayer and thus show that the multiple layer structure must have been
retained. Due to the protonation of each layer upon acidication, the layers repel each other
at these conditions. Not showing detachment though, is a clear sign of crosslinking between
the layers. This phenomenon may be explained by an imperfect structure of the bilayer itself.
There is a chance that not all polymers insert into the membrane the normal way, but also in an
inverse manner. This would lead to crosslinkable groups on the outside of the deposited polymer
bilayer and consequently to intermembrane crosslinking, if two membranes touch each other
during UV irradiation (gure 4.5 a). Logically, intermembrane crosslinking cannot be as dense
as intramembrane crosslinking due to the lower amount of reactive groups available. Longer UV
irradiation, however, should lead to a more dense crosslinking and thus, to a reduced swelling.
However, this conclusion is not signicantly undermined by the experimental data. The heights
obtained from lms irradiated for 60 s are only slightly lower than the ones obtained after
30 s of UV irradiation and similar conditions otherwise. However, the dierences are within
experimental error. Both irradiation times, however, proof that inter- and intramembrane
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crosslinking occurs for the deposited bilayers, due to high height values detected in both cases
(gure 4.5 c).
A consequent next step was to reduce the amount of layers present, which could be reached
by reducing the time the polymersomes were allowed to spread on the surface of the Si wafer.
The small spots reached were now irradiated for 60 s and the spots evaluated for their height
(gure 4.5 b). Again, a continuous spectrum of heights resulted from the spots measured
(gure 4.5 c), showing not denite layer structure. Although the exact number of layers is
not certain, it was reduced signicantly, since the maximum height detected dropped by three
quarters down to 40 nm. While this result proofs the assumption of dierent crosslinking
intensities and hence, dierent swelling, it cannot be said for sure how many layers are present
at this stage.
4.3.3 Comparing all Topological Results
The membrane height was determined using the two methods AFM and TEM at acidic and
basic conditions. The results dier greatly in the number of layers (AFM / TEM) and the layer
thickness (acidic / basic).
Table 4.1: Heights determined using AFM or TEM at basic and acidic conditions
Method Bilayer height Number of layers
TEM (basic) 7.0 nm one
TEM (acidic) 10.5 nm one
AFM (basic) 7.3 nm ≤ 4 (distinguished)
AFM (acidic) ≥ 10 nm multiple (not distinguished)
While TEM allows for the measurement of the membrane in a complete vesicle, with AFM
deposited bilayers are accessible. It is therefore quite reasonable that TEM yields values for
one distinct layer and AFM measures the number of layers present on the surface. However,
TEM shows the stained region only (PTA staining of the hydrophobic part) and not the whole
bilayer like AFM does. In this respect it is interesting that both methods yield a similar value
for the bilayer strength (7.0 - 7.3 nm). The values should dier more and give an idea of the
thickness of the PEG corona. Since they do not, the membrane must have been widened in
the TEM image by staining. Logically, the stain incorporates itself into the membrane and
the space it occupies is also recorded. In addition, the deposited bilayers may collapse slightly
upon reaching the silica surface of the Si wafer. As a result, the stain-induced widening of the
hydrophobic part in TEM and the slightly reduced membrane size on the wafer are enough to
yield similar height values (table 4.1).
This behaviour of basic membranes is not transferable to swollen, acidic membranes. But
here, AFM yielded multiple heights with no distinct layer structure. Missing a layer structure, the
height of a single swollen bilayer could not be determined. The missing layer structure in acidic
conditions results from intermembrane crosslinking between deposited bilayers. Inhomogeneity
in intra- and intermembrane crosslinking results in an individual swelling, ultimately resulting in
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the detection of a continuous spectrum of individual heights. However, TEM yielded 10.5 nm
for swollen membranes, which goes along nicely with the swelling of the polymersomes - both
swell roughly to 150 % of their original size (table 4.1).
4.4 Membrane Rigidity
0 s UV @ pH 9  
Graphical evaluation shows: 
Crosslinking leads to stiffer membranes 
Acidification has a neglible effect 
 
60 s UV @ pH 9  
30 s @ pH 4  
30 s @ pH 9  
60 s @ pH 4  
[ „-1.0“ means an E-module of 10^8 Pa] 
Figure 4.6: Measuring the E-module using AFM in a wet state. The blue lines on the typical
images indicate, where the E-module was determined for each condition tested. All
results are comprised in the graph below, where the change in the exponent of the
E-module in comparison to plain Si is shown on the y-axis. The statistical tests on
the crosslinked membranes (blue) refer to the non-crosslinked one and the tests on
the acidied ones refer to their basic counterparts.
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Besides membrane height, AFM also accesses membrane rigidity or their elastic module (E-
Module), which is another important characteristic value of bilayers. [112,114] Within this work,
the E-module of various lms was tested. Initially, non-crosslinked deposited bilayers were
investigated. In consecutive studies, the procedure was rst repeated for crosslinked lms and
nally for acidied crosslinked bilayers, while two crosslinking times (30 s and 60 s of UV
irradiation) were examined. Thus, the inuence of crosslinking bonds, as well as the inuence
of acidication could be investigated.
The bilayers used for this investigation were produced the same way as the bilayers for height
investigations. Again, the vesicles were spreaded on a plasma cleaned surface. In contrast to
previous investigations though, the lms created needed to be of certain thickness and diameter
(gure 4.6). If the lms are too thin, the AFM tip would not only measure the elasticity of
the bilayer, but also partially that of the silica surface which supports the bilayer - ultimately
leading to a too high E-module. On the other hand, too thick layers lack the stability necessary
to measure the E-module of the lm. Another prerequisite, the diameter of the spots, is
important to reduce edge eects. In the end, the correct value can only be determined, if the
area, which is investigated by the AFM tip, reacts like a surface of innte size as described by
the Hertz-model, [115] a model, of which a derivative used to determine the E-module within
the AFM software used. In addition the problem of a missing calibration of the tip and its
possible loss in quality over various measurements had to be tackled. In the end, the AFM
always measures the bilayer spots, but also the silica present next to the bilayers. Since the
E-module of silica is readily available in literature, this value is chosen as standard value to
calibrate each measurement. Due to this reason, the results are displayed as dierence of the
determined E-module in comparison to silica. Once these conditions were met, the E-module
could be determined.
After these initial thoughts, the samples were measured. In order to get reliable values,
the E-module was determined at least at 6 dierent spots and the mean values were taken as
the nal E-module. As it could be expected, the crosslinked membranes are stier (higher E-
module). In the bar chart used for visualization (gure 4.6) a shorter bar means less dierence
to silica, meaning a harder material. The crosslinking bonds created considerably strengthen
the material, since they hinder the polymer chains from moving away from each other due to an
external force applied. Additionally, the previously discovered intermembrane crosslinking also
holds the dierent bilayers in place. Hence, the bilayers cannot move independent from each
other any more, again resulting in greater strength of the material. Interestingly, the initial
eect of crosslinking is more important than the amount of UV irradiation added. While both,
membranes UV irradiated for 30 and 60 s, show signicant hardening compared to their non-
crosslinked counterpart (statistical relevance of >99.9 % according to t-test), the crosslinked
samples show no signicant dierence between one another. This comes along with the swelling
experiments discussed previously (see section 4.3.2), where no signicant change between both
irradiation times could be detected as well (gure 4.6).
One of the most interesting results from the swelling experiments was the ability to detect
multiple, but not distinguished, layers at acidic conditions after crosslinking (section 4.3.2).
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As their basic analogues, those swollen membranes were now to be tested on their elastic
module. As a bit of a surprise, only a small change towards a less elastic material could
be noticed in comparison to the non-swollen crosslinked membranes. Only for 60 s of UV
irradiation, a notable change with > 95 % signicance (according to t-test) towards a higher
elastic module was detected (gure 4.6). It may be suspected that this result is a combination
of two antagonistic eects. For once, the swelling is due to a substantial uptake of water. Being
above 0°C, the membrane should loose stiness and move around more easily. Once solvated,
the polymer chains only have the solvent water to hinder their movements and no bulky polymer
chains any more. With increasing crosslinking density, the degree of movement decreases and
the eect just described becomes smaller. On the other hand, the membrane swells in order
get as much distance as possible between the positive charges present in acidic condition. If
the membrane is to be moved in this state, the repelling force between the positive charges
has to be overcome. Logically, overcoming a repelling force hardens the material. Furthermore,
increasing crosslinking density (and potentially less swelling) leaves less distance between the
positive charges, yielding in higher repelling forces between them. Hence, this eect becomes
stronger with increasing crosslinking density. In the case studied here, both phenomena seem
to be of equal strength for 30 s of UV irradiation, due to the lack of change in E-module. Due
to the tendency just described, the now signicant hardening for 60 s of UV irradiation is in
total accordance with the eects described.
In summary, it can be stated that crosslinking hardens the deposited membranes greatly,
while consecutive acidication has a small or neglible eect on the E-module.
4.5 Membrane Fluidity
The nal aspect to be considered is the so-called uidity of the membrane which describes the
mobility of the single molecules within the membrane. [113] In order to detect this characteristic
value, the deposited membrane described above needs to be large enough for the molecules
to move around freely without being slowed down at the edge or inhomogeneous spots of the
material. Besides the ability to have unhindered diusion, the polymers need to be detected
using optical microscopy. Since non-labeled polymers were used in this work, another way to
reach the necessary labeling had to be found. Here, physisorption of uorescent molecules which
move around with the polymer without inuencing its properties was chosen. Being already
used for lipid membranes, physisorbing a labeled lipid this choice seemed reasonable. Although
the dye/lipid combination used (Atto 647N-DOPE, structure not published by supplier) is of
partial positive charge, they show physisorbtion onto the polymer bilayer. Since the hydrophobic
part of the polymer is slightly positive charged itself, this behaviour was not certain to occure.
Due to this staining, the size of the polymer bilayer islets could be judged whether they were
large enough for uidity tests. For this reason, the polymersomes were allowed to spread on a
plasma cleaned glass surface for 15 s, 30 s, 45 s, 60 s and 90 s and were labeled by physisorption
of the uorescence marker afterwards (gure 4.7). Comparing all pictures, it is well visible that
the bilayer grows in dimension with longer incubation times. While incubating the surface for
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15 s incubation 30 s incubation 
45 s incubation 60 s incubation 90 s incubation 
Images at different incubation 
time of the polymersome solution 
on the surface 
Figure 4.7: Growing of the polymer bilayer on a plasma cleaned glass surface after dierent
incubation times of the polymer solution. The polymer is made visible using Atto
647-N DOPE as a labeling lipid, which integrates into the membrane
15 s or 30 s yielded only small islets, a continuous layer developed after 60 s and 90 s incubation
time. Since polymer membrane uidity would only be inuenced by too small islets but not by
large ones, continous lms produced after 90 s incubation were used for further studies.
A well-known method to determine membrane uidity is FRAP [117] (uorescence recovery
after photobleaching, see section 1.5.5). Here, a small section is bleached with a strong laser.
If the membrane is uid, the bleached is re-lled with non bleached dye which diuses into
the irradiated area. For usual uid lipid membranes, such a rell of the bleached area happens
within two to ve minutes. Interestingly, for the polymer bilayer studied no rellment of the
bleached area could be detected for at least 30 minutes (gure 4.8). Such a greatly non-uid
behavior was not expected for a polymer bilayer which was supposed to mimic a lipid bilayer.
On the other hand, the lack of uidity is another proof for the enhanced mechanical stability
of polymersomes over liposomes. In fact, the typical entanglement of polymer chains is prone
to reduce uidity or stop it completely as detected here. Of course, crosslinking the polymer
membrane bilayer decreases the mobility of the polymer chains even further and hence also
of the physisorbed labeled lipid. Interestingly, the attached dye was still detectable after the
crosslinking process and not bleached away. With the dye still present, the FRAP experiment
was carried out at a crosslinked membrane and came to the expected result of no mobility
(gure 4.8). It was now not certain, whether the previously physisorbed dye of partial positive
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Initial state After photobleaching After 20 – 30 min 







also for crosslinked 
(acidified) 
membranes 
Figure 4.8: Fluidity of the membranes deposited tested via FRAP using a positively charged
labeled lipid (Atto 647N-DOPE). For all conditions tested (non-crosslinked,
crosslinked - basic and acidic), the membranes proofed to be completely non-uid.
It is notable though that the dye used is not photostable in acidic conditions, but the
bleached area (bleached for 60 s) remains black, showing the lack of dye movement.
charge would regain mobility in a acidied membrane, which is also of positive charge. The
swollen membrane could give the lipid molecules space for diusion through eventual pores
forming with the acidied crosslinked polymer bilayer. However, the dye labeled lipid remained
in place, but showed a loss in uorescence intensity over time (gure 4.8), a loss, which is
mainly due to the lack of photostability at acidic conditions of the Atto 647N used. Another
reason for the loss of intensity detected may be due to some lipids leaving the membrane as
potentially caused by the positive charges of the dye and the protonated polymer repelling each
other.
Thus, none of the conditions resulted in a uid behavior of the membranes investigated.
All, the non-crosslinked, the basic crosslinked and the acidic crosslinked membranes showed a
completely non-uid behavior.
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4.6 Summary
With this chapter, the properties of the polymer bilayer forming the membrane were studied in
terms of size, rigidity (E-module) and uidity. Membrane height was studied with AFM and
TEM, the E-module could also be determined using AFM and membrane uidity was accessible














































































































 60 s small spots
Basic pH 
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Height evaluation @ 
basic pH (= I) 
Height evaluation @ 
acidic pH (= II) 
Figure 4.9: Top: The supported polymer bilayers were produced from preformed vesicles. Once
the membrane layers were created, they were crosslinked and eventually acidied.
Bottom: AFM images of an non-crosslinked lm at basic and a crosslinked lm at
acidic conditions. Analyzing the heights detected as histograms revealed a layer
structure for basic conditions, which diminished almost completely once switching
to acidic conditions - regardless of the irradiation time (shown in the histograms).
The bilayers were produced using preformed vesicles, produced in the way described previously
(see section 3.3). In order to form a membrane on a solid substrate, the vesicles were put in
contact with a plasma-cleaned Si surface of a silicon wafer, a method well known to produce
lipid bilayers from lipid vesicles. In order to proof membrane formation, AFM images were
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taken of wafers after the bilayer formation and after a yet consecutive acidication. While the
initial pictures showed spots of spreaded vesicles, only a clean wafer could be observed at acidic
conditions (gure 4.9). As with non-crosslinked polymersomes the bilayers disassemble upon
acidication due to protonation of the amino functionality in the hydrophobic block. Hence,
the uncrosslinked basic supported bilayers formed on the plasma-cleaned substrate, could be
analyzed as well as crosslinked and acidied ones formed out the initial bilayers. (gure 4.9).
With the polymer bilayers formed, they could now be analyzed for their thickness as their
most obvious property to examine. As indicated in gure 4.9, multiple polymer layers formed
during the deposition process. Using AFM, the spots of the images could be examined and
their height was determined. After this process was repeated various times and on a substantial
number of spots, they could be evaluated using a histogram. The same process was conducted
for acidied crosslinked (or swollen) membranes. As it could not be expected, both conditions
yielded completely dierent results. While the histogram of the basic sample revealed an
ordered layer-by-layer structure, no such thing could be determined for the crosslinked samples
(gure 4.9). Each group of heights in the basic sample separated from the next one in the
very same distance, always leaving a gap of 3 nm to the next set of heights. Additionally, an
analysis of each consecutive set of peaks (meaning each additional layer) showed a denite
stepwise increase under basic conditions, while the mean height for one layer did non change
with increasing layers. This is totally dierent for the acidic bilayers examined. For dierent
crosslinking times (30 s and 60 s) as well as for larger and smaller spots, no clear layer structure
was determined, although the range of heights (10 nm - 170 nm) denitely shows the existence
of various layers. Due to intermembrane crosslinking the positively charged single layers stay
attached to each other and do not disassemble. However, a real layer structure of 25 nm
per layer is only suggested by larger bilayer spots irradiated for 60 s (maxima at 25 nm and
50 nm with no gap between them). Consequently, a degree of swelling of 350 % is suggested by
this result, a value, which appears rather large in comparison to polymersomes, which swell by
40-50 % in relation to their original size only. On the other hand, this great swelling explains,
why large heights of up to 170 nm are reached at acidic conditions, while 30 nm were the
maximum at basic conditions. Hence, this degree of swelling seems at least possible and totally
out of range.
Table 4.2: Characteristic values of the bilayers
pH conditions Crosslinking state Height1 Layer structure1 E-module2 Fluidity3
basic no 7.3 nm4 yes 40 MPa none
basic yes, 60 s UV   175 MPa none
acidic yes, 60 s UV ∼ 25 nm (no)5 225 MPa none
1Determined via AFM and consecutive evaluation; 2Determined via AFM using a derived
Hertz-Model; 3Determined using the uorescence based FRAP method and a physisorbed
uorescence-labeled phospholipid; 47.0 nm if determined via TEM in a vesicle; 5Thickness of
an individual layer could not be determined for sure.
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As already mentioned, membrane rigidity (E-module) and membrane uidity were determined
as well. While the E-module could also be studied using AFM, the uorescence based FRAP
was chosen for uidity values. Both properties can only be determined, if the bilayer surface is
large enough to act like an innite surface with no edges and does not interact with the device
used to determine the property (prerequisite of the Hertz model). As a surprise no membrane
uidity could be detected for all conditions (table 4.2). While it was logical that crosslinked
membranes (basic and acidic) would not show any mobility of the single molecules, also the
potentially free molecules in an non-crosslinked membrane showed no mobility. Here, typical
entanglements of the dierent polymer chains hindered the ability of the single molecules to
diuse within the membrane in a time frame of at least 30 min.
Results concerning the E-module diered substantially between the conditions tested. The
crosslinking bonds introduced by UV irradiation hinder the macromolecular chains to move along
one another upon an external force. Hence, the material becomes more rigid and the E-module
increases considerably by more than four times upon crosslinking (table 4.2). Acidication,
however, has little inuence on the E-module, since two opposing eects seem to level each
other for the conditions tested. On the one hand, the swelling leads to more space between the
chains, giving them more space to move around and thus lower the E-module. On the other
hand the positive charges causing the swelling continue to repel each other, yielding in a harder
material. For 60 s of UV irradiation the swelling is low enough for the repelling forces to slightly
outrun the weakening eect, resulting a slightly higher E-module at acidic conditions.
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5.1 Introduction
It was now certain that the polymersomes produced are pH sensitive as well as photo crosslink-
able and their membrane was characterized in multiple ways. The next step was now to ll the
polymersomes with cargo of various kinds. For example, the transmembrane diusion will be
tested for small molecules of low molecular weight in order to achieve transmembrane diusion
without the use of transmembrane proteins. Another aspect to be considered is the enclosure
of high molecular weight cargo, such as enzymes or enzyme-like model molecules with similar
properties. Here it was of interest, whether the polymersomes would be able to host such
molecules and up to which conditions they hold this cargo in a stable manner. It was also in-
teresting to know, how the cargo can be enclosed into the polymersomes. Besides an enclosure
during the polymersome preparation process, other approaches like poration and microuidics
are also of interest and will be addressed in the following chapter. Finally, it was the goal to
incorporate a functional enzyme, e.g. creating a pH sensitive synthetic bionanoreactor which
retains enzyme functionality after being UV irradiated for crosslinking. Ideally, the swollen, e.g.
acidied, polymersomes would allow for transmembrane diusion, and thus a reaction to take
place, at pH 6 only and close up again at pH 8.
5.2 Transmembrane Diusion
Before incorporating enzymes or other molecules, it is important to know, whether the mem-
brane allows for transmembrane diusion of small molecules at certain conditions. Due to
the greater mechanical stability of polymersome membranes over lipid membranes, they are
usually not open for transmembrane diusion processes. [4,19,40,123] For this reason, transmem-
brane proteins are incorporated into polymersome to achieve transmembrane diusion. For the
polymersomes discussed here, pH controlled diusion across the membrane was to be achieved
without the use of transmembrane proteins.
When characterizing the pH sensitive and photo crosslinked polymersomes created, it was
obvious that all of them showed a denite and reproducible swelling behavior upon acidication
and returning back to their original size at basic conditions (gure 3.9). This swelling resulted
in vesicles with an increased diameter of about 150 % of the original polymersome diameter
(gure 3.8). Hence, the radii in acidic conditions ra and at basic conditions rb have a ratio of
1.5. Logically, this also results in a larger surface of the produced spheres (AP ), which may be
calculated as follows, if an ideal sphere is assumed:
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pH = 10, empty vesicles with 
dye 
pH = 4, dye diffuses into 
swollen vesicles 
pH = 10, after dialysis, vesicles 
enclose dye 








Control – no vesicles 
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UV- VIS monitoring of the dialysis process 
Dialysis of the 
experiment indicated 
above 
Figure 5.1: Schematic overview and UV-Vis monitoring how rhodamine B is loaded into the
nal polymersomes. While no rhodamine B enters the polymersomes at pH 10, the
polymersome membrane allows for transmembrane diusion at pH 4. When cleaned
afterwards at pH 10 using dialysis, a rhodamine B signal was still detectable and
remained at a stable level, indicating a successful enclosure (bottom, left). Within




with an area in acidic conditions AP,a and at basic conditions AP,b. If both are set into



























= (1.5)2 = 2.25
Thus, a swollen polymersome has an area, which is more than twice as large, than the initial
one. Since the number of polymers remains constant, the distance inbetween the individual
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chains rises considerably and the formation of pores through the membrane is inevitable. These
pores should now allow for transmembrane diusion of small molecules, like organic dyes. To
verify this hypothesis, a basic solution of polymersomes was mixed with rhodamine B and
acidied afterwards. During the following period of time (5 h), the dye was allowed to enter
the vesicles. After switching back to basic conditions, the polymersome solution was puried
with dialysis removing any non-enclosed cargo (gure 5.1). Since the UV-Vis absorption of the
solution after two and three days of dialysis basically overlapped each other, a stable level of
rhodamine B was reached and a successful enclosure can be stated. A control experiment using
a plain rhodamine solution, showed complete removal of rhodamine B after a shorter amount
of time, which veried the enclosure of the dye into the vesicles (gure 5.1).
The successful incorporation of rhodamine B into crosslinked polymersomes at acidic condi-
tions proved the theory of developing pores within the membrane. Transmembrane diusion at
an acidic state is therefore possible. Compared to transmembrane diusion with transmembrane
proteins, a pH dependent diusion through the membrane holds two advantages. First of all, it
can be controlled using pH. Additionally, it allows for transmembrane diusion at every point of
the vesicle and not only where transmembrane proteins are integrated. Hence, the initial goal
to achieve pH controlled transmembrane diusion without proteins, was achieved.
5.3 Hosting Soft Nanoparticles
5.3.1 Nanoparticles Used
The next step on the way towards a synthetic bionanoreactor was the enclosure of larger
molecules. While the nal bionanoreactor would host enzymes, it is reasonable to perform
initial studies with enzyme-like model molecules to avoid the use of expensive enzymes whenever
possible. Traditional nanoparticles, like gold or silica nanoparticles have a similar size (diameters
of 4-10 nm), but do not imitate the softness of enzymes. Hence, an organic, macromolecular
nanoparticle came to use in the following studies.
Figure 5.2: Structure of the PEI-Mal 5 and PEI-Mal 25 nanoparticles used. On average, every
terminal NH2 unit is substituted once with maltose.
All encapsulation experiments were carried out using the positively charged hyperbranched
poly(ethylene imine) (PEI), decorated with a maltose shell (PEI-Mal). In order to imitate
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various enzyme sizes possible, PEI cores of 5 kDa (PEI-Mal 5, diameter of 4 nm) and 25 kDa
(PEI-Mal 25, diameter of 10 nm) were applied in this study. Both modied macromolecules,
PEI-Mal 5 and PEI-Mal 25, possess an open maltose shell which is nally described as structure
B in gure 5.2. The great advantage of these molecules is that they are readily available
and already intensively characterized. [142145] To detect PEI-Mal nanoparticles in the following
experiments, they were labeled with a UV-Vis absorbing dye like uorescine or rhodamine B.
Possessing sizes of enzymes, high chemical stability, high biocompatibility and a labeling agent,
these macromolecules were an ideal model cargo for polymersomes and used further on.
5.3.2 Purication Using Dialysis
With the mentioned feasible model-cargo available, it was to be enclosed into the vesicles next.
However, while the pores of the acidied polymersome membrane allowed rhodamine B to
pass the membrane, PEI-Mal nanoparticles were suspected to be too large for transmembrane
diusion. Hence, they had to be enclosed dierently. A possible way to reach enclosure, was
to mix the dissolved polymer with the nanoparticles in the acidic solution present prior to
polymersome formation. Eventually, the polymersomes form around the nanoparticles once the
pH switch occurred. Now every non-enclosed PEI-Mal has to be removed from the solution.
This approach was now chosen and polymersome formation occurred, while the PEI-Mal 25
nanoparticles were present. As with rhodamine B, the mentioned necessary removal of any non-
enclosed cargo to prove enclosure was conducted using dialysis as a method of choice. While
no pressure is put on the polymersomes within the solution, it can be puried from any small
particles (indicated in gure 5.3). When comparing with the control experiment of a dialysis of
pure PEI-Mal 25, it was obvious that the nanoparticles were enclosed successfully. While the
UV-Vis spectrum of the polymersome-containing sample revealed the same amount of residual
PEI-Mal after two and three days of dialysis, no PEI-Mal could be detected after dialysing of
the solution of pure PEI-Mal for the same time period. Of special importance is the overlap of
the UV spectra recorded after two and three days of dialysis. It proves actual enclosure rather
than physical adsorption to the polymer, which would result in slow release of the PEI-Mal. A
similar result could be achieved for PEI-Mal 5. Thus, both nanoparticles can be incorporated,
indicating a good range in size of possible larger cargo from at least 4 nm (PEI-Mal 5) to 10
nm (PEI-Mal 25) in diameter (gure 5.4).
5.3.3 Purication Using Hollow Fiber Filtration
Although enclosure could be validated using dialysis, this method holds some drawbacks. For
once, dialysis by using classical dialysis tubes is a time-consuming process which takes several
days. Moreover, this technique applies no shear rate during the polymersome cleaning process,
which would be important to test the membrane strength. In this context, applying a pressure on
the solution would speed up various processes of interest by using polymersomes under dierent
shear rates. Eventually, this could proof their mechanical strength or show their increasing
mechanical strength, once the membrane is photo crosslinked.
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Figure 5.3: Schematic overview and UV-Vis monitoring, how PEI-Ma 25 is enclosed into poly-
mersomes upon polymersome formation. The UV-Vis monitoring shows in compari-
son with the control experiment that PEI-Mal 25 is enclosed into the polymersomes
as evident due to the remaining peak at 500 nm after dialysis.
Consequently, the purication process was now tested using a KrosFlow Research IIi system
(referred to as hollow ber ltration (HFF) system, explained in gure 1.11) applying transmem-
brane pressures (TMP) of 250 and 750 mbar, respectively (gure 5.4). The pressure applied
results in a shear rate on the vesicles which causes mechanical stress on the membrane. The
time for polymersomes purication could be shortened to 1 h for 250 mbar TMP and took only
30 minutes for 750 mbar TMP. Before using this approach for vesicles though, which are loaded
with PEI-Mal, it had to be certain that the polymersomes can withstand the pressure and shear
rates applied without disintegration of the vesicles. For this reason, DLS measurements were
done for vesicles before and after HFF treatment. Now, the key values, meaning vesicle size and
their PDI were compared at dierent TMP values for crosslinked and non-crosslinked vesicles.
Interestingly, no change in vesicles size (all around 150 nm) and PDI (all around 0.17) could be
detected - compared to the untreated sample - for all conditions tested (table 5.1). Thus, it is
certain that the HFF treatment does not provoke polymersome disintegration and is applicable
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Figure 5.4: Pressure-dependent release of uorescin-labeled PEI-Mal 25 and PEI-Mal 5 from
crosslinked and non-crosslinked polymersomes at pH 4 and 9. The retention of the
nanoparticles within the polymersomes was observed by the absorption maxima of
uorescein at 500 nm. TMP = transmembrane pressure.
for polymersome research. However, small ruptures of the membrane may occur during the
HFF treatment and cannot be declined.
Table 5.1: Characterization of non-crosslinked and crosslinked polymersomes after hollow ber
ltration using DLS
TMP / mbar1 Crosslinked2 Size3 PDI4
0 (Start) both 148 nm 0.17
250 No 149 nm 0.16
250 Yes 154 nm 0.19
750 No 151 nm 0.18
750 Yes 149 nm 0.15
1TMP = transmembrane pressure applied on the sample; 2Polymersomes of C4-20 polymer
were either irradiated for 30s (= Yes), or not (= No); 3Diameter detected with DLS
(z-average); 4Dispersity of the vesicles examined.
With polymersomes of high stability in hand, PEI-Mal loaded vesicles could now be exam-
ined using the HFF system. In a rst experiment, non-crosslinked polymersomes hosting the
two dierent nanoparticles, PEI-Mal 5 and PEI-Mal 25, in separate samples were processed
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at 250 mbar TMP and pH 9. Here, only large nanoparticles (PEI-Mal 25) could be retained,
while retaining PEI-Mal 5 could not be achieved. This indicates some polymersome rupture
due to the shear rate and consequent cargo loss, a rupture, which may be assumed to occur
via the formation of small pores (i.e. poration) within the membrane that heal back after
the shear rate is removed. Furthermore, this membrane poration is combined with a polymer-
some squeezing/deforming process (gure 5.5) during the time the pressure is applied without
provoking disintegration (table 5.1). At a TMP of 750 mbar at pH 9 using non-crosslinked
polymersomes, both types of PEI-Mal nanoparticles are no longer retained, indicating that the
pore size depends on shear rate (gure 5.4 and appendix gure 10.1). In a next step, the same
process was now performed at a TMP of 750 mbar and pH 9 with crosslinked polymersomes.
While small PEI-Mal 5 nanoparticles are still not retained using the crosslinked vesicles, larger
PEI-Mal 25 nanoparticles could now be detected in the polymersome sample after the HFF
cleaning procedure (gure 5.4). This suggests that membrane crosslinking increases resistance
to shear rate induced poration in comparison to non-crosslinked membranes. Logically, the poly-
mersome membrane still retains their characteristic ability of pore formation and self-healing of
the supramolecular structures (table 5.1 and gure 5.5). When processing swollen, crosslinked
polymersomes, e.g. working in acidic media (pH 4), at low TMP of 250 mbar both nanoparticles
are no longer retained.
I II III 
Figure 5.5: Potential release mechanism of small cargo from photo crosslinked polymersomes
under shear forces. I = Pressure-induced polymersome deformation leads to mem-
brane poration; II = Self-healing after removing shear forces; III = Repetition of
steps I and II result in empty polymersomes.
Hence, it can be concluded that polymersomes (whether their membrane is crosslinked or
not) respond to shear rates applied by the controllable formation of pores with dierent sizes
(gure 5.4). Such an approach allowed for designing polymersomes whose permeability can be
nely controlled by the shear rate as well as crosslinking state and the pH of the solution.
5.3.4 Filling Using Microuidics
Until now, the vesicles discussed in this chapter were all created using the pH switch method.
Besides electroformation (discussed in section 3.4), using microuidics is another way discussed
in literature to create liposomes [41,44,45,146] as well as polymersomes. [64] Interestingly, one exam-
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ple is reported, where the pH sensitive polymer PDPAEM was used while forming polymersomes
on a microuidic scale (gure 5.6). [64] Since the pH sensitive part of the polymer used in this
work (PDEAEM) is similar to PDPAEM (see gure 1.4, isopropyl group replaced by ethyl group
in the amine unit), the same setup as shown in gure 5.6 is also used in this work. This held
the advantage, that no microuidic chip needed to be prepared separately.
pH = 10 solution 












Figure 5.6: The microuidic system reported to form polymersomes out of the pH senstive
polymer PMPC25-PDPAEM70.
[64] Two channels with a basic solution (pH 10) are
joined with one solution containing the dissolved polymer in an acidic solution (pH
6). The polymersomes form in the forthcoming channel.
As a rst step, it was necessary to create polymersomes using microuidics. The known data
for PDPAEM [64] gave a good starting point, but needed to be adjusted for the PDEAEM-based
polymer used in this work. On the microuidic chip used, the polymer solution (pH = 6.5) is
in the middle one of the three channels in the sample. Both other channels (left and right) are
lled with a basic solution of pH 10. Once all three channels are joined, the dissolved protonated
polymer gets deprotonated and vesicles are allowed to form from the amphiphilic polymer now
present in the solution (point A in gure 5.7 a). Obviously, the initial polymer solution gets
diluted, once joined with the other channels. If it gets too diluted, it may be dicult to
detect any vesicles eventually formed using a standard method (i.e. DLS). To reduce the eect
of dilution, a more concentrated polymer solution is used with respect for other experiments
(1 weight-% instead of 0.2 weight %). Now, the optimal ow rate ratio (polymer solution
/ basic solution) was to be determined. A high ow of basic solution would result in a very
dilute solution, but a too low one would not deprotonate all polymer present in the polymer
solution. Concerning the dilution it has to be taken into account that a ow rate ratio of
1:6 means a dilution of 1:12 for the polymer solution, since it is mixed with two channels of
pH 10 solution. Here, three ow rate ratios were tested: 1:6, 1:7 and 1:8. Interestingly, only
1:7 yielded dened structures (app. 100 nm diameter, PDI = 0.3 - 0.4), while both, 1:6 and
1:8, yielded multimodal distributions with PDI values of 0.7 and 0.9, respectively (gure 5.7
b). Apparently, a too low concentration of the polymer also leads to unstable structures, as
reached by a too low amount of basic solution. As a consequence of these observations and
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despite of the rather high PDI, a ow rate ratio of 1:7 (polymer solution vs pH 10 solution)
was used for further microuidic experiments.
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Figure 5.7: Overview on the results from microuidics. a: picture of the microuidic setup
used. b: DLS of structures formed after dierent ow rate ratios - only 1:7 (poly-
mer solution / pH 10 solution) gave a promising result. c: UV-Vis monitoring of
cleaning PEI-Mal 25 lled crosslinked polymersomes. A stable signal with 750 mbar
TMP indicates successful enclosure. d: TEM images of the structures formed show
that no polymersomes (scale bars always 100 nm), but other vesicular structures
were formed. For a: Reproduced with the kind permission of the Royal Society of
Chemistry. [64]
Now, lled polymersomes were to be created and the crosslinking should be done. To reach a
sucient crosslinking, the microudic chip was equipped with zig-zag like part of the channel to
increase its length (part C in gure 5.7 a). Now, this area was exclusively irradiated with the UV
light used for crosslinking (section 3.3.2). Whichever structures were present at the beginning
of the UV-irradiated section, would now be preserved due to crosslinking. Additionally, the
polymer solution is now mixed with PEI-Ma 25 in order to continuously produce cargo-loaded
polymersomes. As for classical encapsulation, any non-enclosed PEI-Mal needs to be separated
from enclosed ones as well. An advantage of using the HFF system for this purpose was that
thorough crosslinking could be proven using the cleaning process. As discussed in section 5.3.3,
PEI-Mal 25 will only stay enclosed, if the vesicles were crosslinked successfully. Otherwise the
pores formed due to the shear forces would be large enough for the hyperbranched molecules
to leave the polymersomes. Thus, the HFF treatment replaced the pH sensitive switching as a
tool to validate thorough crosslinking. Again, the HFF purication was monitored using UV-Vis
spectroscopy, which detected the uorescin labeled PEI-Mal. Now, a TMP of 750 mbar was
applied and after the detectable amount of uorescin dropped initially, it eventually reached a
stable level (gure 5.7 c). Since a constant uorescin absorption at 500 nm indicates a stable
level of PEI-Mal, this is a proof that a certain amount of PEI-Mal cannot leave the system at
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the high TMP level mentioned. Due to the argument stated above, retaining PEI-Mal 25 also
proofs a stable crosslinking of the structures evolved from microuidics.
As discussed previously, DLS is no thorough proof for the presence of vesicles. Essentially, this
method only reveals that structures of a certain hydrodynamic diameter are present. Besides
the PDI of the structures, no other additional information is obtained by DLS. In this case, the
size of the structures determined, matches the usual ones for polymersomes. However, a PDI
of 0.3 - 0.4 indicates a variety of structures being present in the solution. To get an image of
the structures present, TEM was conducted after the polymersomes were formed, crosslinked
and stained for TEM (shown in gure 5.7 d). Interestingly, the structures found were of round
shape, but had no denite membrane structure, as the polymersomes imaged previously (gure
3.8). Since the staining used stains the polymer and not the interior of an eventually formed
polymersome, TEM images reveal that no polymersomes have been formed with microuidics.
It may therefore be proposed that microuidics leads to crosslinked polymer-lled spheres,
meaning small hydrogel capsules, but no polymersomes. The hydrogels are able to host PEI-
Mal molecules and withstand pressures up to 750 mbar put onto them. However, since no
denite polymersomes were formed, microuidics was not used in further experiments and the
setup used needs further improvement, if polymersomes were to be formed on a microuidic
platform.
5.4 Hosting Enzymes
After the clarication, whether crosslinked and non-crosslinked polymersomes are able to resist
various shear forces and retain glycopolymers, the next step was now to transfer this knowledge
into the establishment of a synthetic bionanoreactor. Since myoglobin is already well known,
widely used and known to be mechanically stable for an enzyme [147149] it was to be suitable
as a sample enzyme for this work.
5.4.1 Control of Pure Enzyme
Before enclosing myoglobin into the polymersomes, the pure enzyme was studied to check,
whether it can be applied under the conditions used during polymersome preparation. For
this reason, the enzyme and also a possible enzymatic reaction was examined using UV-Vis
spectroscopy.
First of all, the UV-Vis spectrum of native myoglobin was compared with the UV treated one.
As it is well known, the enzyme has a strong absorption band at 409 nm, which is characteristic
for the reactive center of myoglobin. [147] Not surprisingly, this band was well visible for the
pure protein (gure 5.8). Further measurement conditions were to proof that myoglobin would
remain enzymatically functional during the polymersome formation process. First of all, a pH
switch is necessary, when the pH sensitive polymersomes are formed, followed by UV light
necessary for crosslinking. Afterwards the polymersomes are set in an acidic environment to
show their characteristic swelling. Now all of these conditions, meaning basic (pH 8), basic and
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Control of myoglobin structure by 
monitoring absorption band at 409 nm
Figure 5.8: UV-Vis spectra of myoglobin in dierent environments  pre-study on (left) stability
before and after UV irradiation at pH 8 and (right) in the presence of educts for
enzymatic conversion step as pure enzyme without reagents (red line) and enzymatic
reaction of myoglobin in the presence of guaiacol and hydrogen peroxide (black line).
Consequently, the black line is an overlay of the myoglobin and oxidized guaiacol
spectra.
crosslinked (pH 8 and 30 s of UV irradiation) and polymersomes at swollen state (pH 6, after
UV irradiation) had to be investigated. Comparing the spectra, it is obvious that a pure change
in pH has no eect on the structure of the reactive center of myoglobin, since the absorption
band at 409 nm has the same intensity as in the spectrum of native myoglobin (gure 5.8).
Now, the myoglobin is UV-irradiated for 30 seconds and the intensity of the absorption band
at 409 nm drops considerably, but is still visible (gure 5.8). Thus, the UV irradiation applied
does harm the reactive center of myoglobin, but eventually does not destroy it completely. If
the pH value is turned acidic, this switch induces no change in the myoglobin UV-Vis spectrum.
Hence, the structure of myoglobins reactive center shows only moderate sensitivity towards UV
light and none towards the pH value of the surrounding solution. It may therefore be used as
a sample enzyme for a photo crosslinked and pH sensitive polymersome based bionanoreactor.
It was now quite certain that myoglobin would be able to withstand the polymersome prepa-
ration procedure. Thus, the next step was the query for a catalyzed reaction which could
be monitored once the protein is within the polymersome lumen, preferably via UV-Vis ob-
servation. A well-studied reaction with myoglobin, which ts these criteria, is the oxidation
of guaiacol, catalyzed by hydrogen peroxide. The iron-porphyrene complex in the center of
myoglobin readily catalyzes this oxidation of guaiacol to its dimer. Both possible dimeric struc-
tures are in an dynamic equilibrium (gure 5.9). [9,150] As it is claimed, the oxidized guaiacol
can be monitored by observing the absorption intensity at 470 nm. [9,147,149] A comparison of
the absorption spectra of pure myoglobin and myoglobin with guaiacol and hydrogen peroxide
revealed two major dierences (gure 5.8). First of all, the absorption maximum undergoes a
bathocromic shift to 420 nm and secondly, an obvious shoulder appears at higher wavelength.
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Figure 5.9: Reaction scheme of guaiacol oxidation
The second dierence is due to the spectrum of oxidized guaiacol formed during the reaction,
which overlaps with the myoglobin spectrum. At 470 nm the absorption shoulder of oxidized
guaiacol reaches a plateau, making it the ideal wavelength to monitor the reaction. Besides, it is
important to have a neutral (i.e. non-charged) testing substrate. Anything negatively charged
could potentially get caught in the positively charged membrane from swollen polymersomes.
Additionally, all positively charged material would be repelled from the membrane for the same
reason. Since both preconditions are met by guaiacol and hydrogen peroxide, they are a suitable
model system.
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Figure 5.10: pH and UV-dependent activity of myoglobin in catalyzing the oxidation of guaiacol.
All graphs were normalized to start at a relative absorption of 0.00 at 0 s.
Now, as the reaction was chosen, it needed to be evaluated for its compatibility with the
conditions used. Thus, the guaiacol oxidation was now monitored at the same conditions, as
the structure of myoglobin was examined using UV-Vis spectroscopy. Besides under native
conditions (pure enzyme in PBS buer), the reaction was also monitored at pH 8, after UV
irradiation and at the combination of both (gure 5.10). Here, two main eects were detectable.
The most obvious one is that the reaction is remarkably slower at pH 8, since the maximum
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of adsorption is reached at a lower level, compared to a neutral pH value. Besides, it is also
obvious that the absorption maximum occurs subsequently if the reaction is carried out with
non-irradiated samples, but also at a lower pH value. Thus, when this reaction is used as
an indicator, one has to take care of both, intensity and relative time point of the maximum
reached. As a general conclusion to be drawn out of these results is that any harming procedures
like high pH or UV irradiation result in less intensive myoglobin-catalyzed oxidation of guaiacol
with hydrogen peroxide with the maximum reached earlier. Interestingly, the loss in activity due
to UV irradiation could be expected from the structural studies conducted earlier. In contrast,
the high dependency on the pH value of the solution was not predictable out of earlier results.
However, since a reaction could be observed at every condition tested, the system was feasible
to be used in the polymersomes.
5.4.2 Polymersomes Hosting Enzymes
With a feasible enzyme/substrate system in hand, the nanoreactor could now be synthesized.
Myoglobin has been enclosed into the polymersomes and a similar purication to the HFF-based
cleaning applied on PEI-Mal 25 has also been applied to remove any free myoglobin. It was now
the goal to monitor a reaction only at pH 6, when the polymersomes are swollen and therefore




 CL - 0 ml
 CL - 30 ml
 CL  - 40 ml
400 500 600
Wavelength [nm]
 nCL - 0 ml
 nCL - 30 ml
 nCL - 40 ml
Cleaning of vesicles, 
containing myoglobin 
Crosslinked polymersomes Non-crosslinked polymersomes 
Figure 5.11: UV-Vis monitoring of cleaning polymersomes containing myoglobin. The
crosslinked sample is shown on the left, the non-crosslinked one on the right side.
While no myoglobin can be detected for 40 ml ltrated volume, myoglobin can be
detected at 30 ml ltrated volume (HFF with a TMP of 200 mbar).
As proposed, the encapsulation of myoglobin was achieved by mixing the enzyme to the
preliminary solution of dissolved polymer. As for the PEI-Mal macromolecules tested, myo-
globin was enclosed afterwards and any remaining free myoglobin could be removed using the
HFF ltration. Unfortunately, the absorption band of myoglobin (409 nm) coincides with the
increasing scattering of polymersome particles, which led to a rise in the baseline. Therefore,
UV-Vis monitoring gave data with reduced liability. With a molar mass of 17.7 kg/mol, the
mass of myoglobin is inbetween PEI-Mal 5 and PEI-Mal 25. Recalling the HFF results for poly-
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mersomes containing PEI-Mal particles, only PEI-Mal 25 could be retained at a TMP of 250
mbar. In order to prevent myoglobin from leaving the polymersome lumen due to a too high
TMP, a TMP of 200 mbar was applied. Despite the restrictions mentioned, UV-Vis monitoring
of the process was conducted for both, crosslinked and non-crosslinked polymersomes. While
small amounts of myoglobin could be detected for 30 ml of ltrated solution, no myoglobin was
detected for 40 ml ltration. However, it was assumed that free myoglobin left the solution
before enclosed ones did. Together with the reduced liability of this monitoring, the solution left
after 35 ml was ltrated and used for further experiments. Although the amount of myoglobin
present would be low, it should still be possible to monitor a reaction.
Blue: Myoglobin / Green: Guaiacol / Pink: Guaiacol tetramer 
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Figure 5.12: Schematic representation of the reaction of guaiacol and hydrogen peroxide in
myoglobin-lled polymersomes: First at a basic (b), then at an acidic (b-a), and
again at a basic (b-a-b) pH value. Hydrogen peroxide is added 120 s after the
addition of guaiacol. The graph shows the normalized time-dependent absorption
at 470 nm.
The puried polymersomes were now treated with guaiacol and hydrogen peroxide as sub-
strates for myoglobin. To get a good mixture of polymersomes and substrate, guaiacol was
added and the solution was stirred shortly afterwards. An eventual reaction would be started
by hydrogen peroxide, which was added two minutes afterwards (as indicated by the black
line in the graph of gure 5.12). At rst, this procedure was carried out at pH 8. In theory,
the polymersomes are at an unswollen state and therefore not open for transmembrane diu-
sion. At this pH, the PDEAEM polymersome membrane is unprotonated and therefore fully
hydrophobic. Consequently, after adding hydrogen peroxide to the bionanoreactor solution at
pH 8, only very little enzymatic activity of myoglobin was observed (gure 5.12, b). Hence, a
small amount of free myoglobin may still be present, but essentially the myoglobin shows no
reactivity. This clearly indicates that the reagents cannot diuse into the polymersome lumen
where the enzyme is hosted. In contrast, a higher and longer rise in absorption of the reaction
product, indicating a catalyzed reaction between guaiacol and hydrogen peroxide within the
bionanoreactor, was monitored at pH 6 (gure 5.12, b-a). The polymersome membrane is
now at a swollen state and totally hydrophilic. Transmembrane diusion is therefore possible,
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allowing guaiacol and hydrogen peroxide to reach the myoglobin, which catalysis the reaction.
As the pH rose to 8 again the reaction is stopped tailored by the presence of non-permeable
polymersomes membrane (gure 5.12, b-a-b). Thus, the myoglobin inside the polymersomes is
no longer accessible for the reagents from outside. Both UV-Vis time dependent absorptions
recorded at pH 8 almost overlap each other, showing a very reproducible behavior and a high
control over transmembrane diusion. This also indicates that myoglobin cannot diuse out of
the polymersomes if no shear rate conditions are applied. Otherwise, after returning back to
pH 8, the reactivity would have been higher than in the beginning. In conclusion, pH sensitive
polymersomes, which are crosslinked, allow for the formation of switchable 100 nm-sized reactor
chambers for enzymes, meaning bionanoreactors.
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Figure 5.13: A: UV-Vis time course of enzymatically active myoglobin obtained from time de-
pendent measurements at 470 nm of non-crosslinked vesicles lled with myoglobin.
B: First derivatives of the UV-Vis time course measurements for non-crosslinked
(nCL, B1) and crosslinked (CL, B2) polymersomes.
To nally proof this controlled behavior of the bionanoreactor, the same experiment was con-
ducted with non-crosslinked polymersomes using the exact same conditions as with crosslinked
ones. Interestingly, already the initial reactivity of myoglobin in non-crosslinked polymersomes
at pH 8 showed a denite change in reactivity compared to the crosslinked samples. In the
non-crosslinked control, the rise in absorption does not stop after two minutes, but continues
to rise considerably (see gure 5.13 A). Apparently, the non-crosslinked membrane does allow
more transmembrane diusion than the crosslinked one does. As it could be expected, a high
catalytic activity of myoglobin could be detected for acidic conditions. The polymersomes are
now disassembled and the myoglobin present is dissolved freely without a polymersome shell.
It is quite obvious that myoglobin has various stages of activity. These stages become even
more obvious, when the changes in the absorption behaviour, meaning the rst derivatives of
the absorption traces recorded, are examined. Especially the graphs of myoglobin within non-
crosslinked polymersomes (b-a and b-a-b graphs in gure 5.13 B1) show multiple ascending
and descending parts, meaning a discontinous activity prole for myoglobin under these condi-
tions. It seems that some polymers aggregate around the myoglobin after the non-crosslinked
polymersomes are forced to disassemble. With ongoing reaction time, this polymer shell is
removed by oxidation via hydrogen peroxide to allow for a periodic rise myoglobin reactivity.
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If the pH value is now turned back to 8, the polymer becomes amphiphilic again and the pro-
posed aggregation becomes even more pronounced. As perfectly visible in the plot using the
rst derivative (b-a-b graph in gure 5.13 B1), a cyclic activity of myoglobin is now visible.
Apparently, the polymers agglomerate around the myoglobin and are - alike in the acidic state -
removed by oxidation using hydrogen peroxide. Since non-crosslinked polymers reassemble in an
unpredictable manner upon switching back to basic conditions, a mixture of shielded, enclosed
and free myoglobin with a random reaction scheme is inevitable. The agglomeration theory is
undermined by the absence of such a strong periodic behavior for crosslinked vesicles and the
initial measurement with non-crosslinked polymersomes since stable rst derivatives are yielded
unter these conditions (b, b-a and b-a-b graph in gure 5.13 B2). Obviously, both reactivities
determined at pH 8 are not similar to each other and both, the UV-Vis absorbance and its rst
derivative dier from each other (gure 5.13 A and B1). This dierence nicely demonstrates
the need for stabilized and hence crosslinked pH sensitive polymersomes to reproducible and
fully controllable enzymatic activity. Hence, only crosslinked polymersomes with a combined
pH sensitivity are feasible to form synthetic bionanoreactors in the presented manner.
5.5 Summary
Within this chapter it could be shown how a variety of dierently sized molecules can be enclosed
into polymersomes. The cargo analyzed was dierentiated into small organic molecules and large
macromolecules, which can be seen as soft nanoparticles. Finally, both concepts were combined
to feed an enclosed enzyme (= macromolecule) with substrate (= small organic molecule).
Small organic molecules can be loaded into the polymersomes via transmembrane diusion.
As previously mentioned, the enhanced mechanical and chemical stability of polymersomes is
one of their major advantages over liposomes. Such a stability comes along with a membrane,
which does not allow for transmembrane diusion in the native state. However, the crosslinked
and pH sensitive membrane discussed here, has the ability to swell under acidic conditions. Once
swollen, the polymers have to cover a greater surface area of the vesicles, while not increasing
in number. Consequently, small pores are developing, which allow for transmembrane diusion
of small organic molecules. They can travel the polymersome membrane at acidic conditions,
as it has been shown for rhodamine B (gure 5.14 A).
However, these pores do not allow for macromolecules or spherical nanoparticles to penetrate
the membrane via diusion due to their size. Here, an enclosure has to be accomplished
dierently. Before forming the polymersomes, the single polymer chains are dissolved in acidic
water. Any type of macromolecule or nanoparticle to be enclosed into the polymersomes
can now be mixed into the solution of the protonated polymers. Once the vesicle formation is
induced via pH switch, the polymer chains self-assemble into polymersomes, eventually enclosing
some cargo but not all of it. The residual free cargo needs to be removed from the solution
afterwards (gure 5.14 B). If the polymersomes are now crosslinked, the cargo cannot be
retrieved from the polymersomes easily, since disassembly is not possible any more.
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A: Enclosing small molecules, e.g. rhodamine B 
B: Enclosing synthetic and natural macromolecules, e.g. PEI-Mal or myoglobin 
pH = 10, no enclosure 
pH = 4, diffusion into 
polymersomes pH = 10 enclosed 
pH = 4, solved together 
pH = 10, partially enclosed 
(before cleaning) 
pH = 10 enclosed  
(after cleaning) 
Figure 5.14: General approaches to enclose molecules into polymersomes. A: Small organic
molecules can be incorporated using transmembrane diusion at acidic conditions.
B: Larger nanoparticles or macromolecules need to be enclosed during polymersome
formation with the need of removing non-enclosed ones afterwards.
Table 5.2: Overview, which PEI-Mal (-5 and -25)1 macromolecules stay enclosed after certain
vesicle cleaning procedures.
Conditions no pressure2 250 mbar2 750 mbar2 250 mbar2, pH 4
Non-crosslinked3 PEI-Mal 5 / 251 PEI-Mal 251 none none
Crosslinked3  PEI-Mal 251 PEI-Mal 251 none
1 PEI-Mal 5 has a diameter of 4 nm and PEI-Mal 25 is of 10 nm diameter; 2 Refers to the
transmembrane pressure (TMP) applied during the hollow bre ltration (HFF), no Pressure
= dialysis, all at pH 9 if not stated otherwise; 3 Referes to the polymersomes used
Although retrieving enclosed macromolecules or nanoparticles from polymersomes is not easy,
it is still possible. Here, soft nanoparticles (maltose decorated hyperbranched PEI molecules,
e.g. PEI-Mal) of a small diameter (4 nm, PEI-Mal 5) and a large one (10 nm, PEI-Mal 25)
came to use. Now, dierent pressures (= shear rates) and pH values were applied on the
lled polymersomes to see, whether the cargo stays enclosed or not. Not surprisingly, both
nanoparticles are retained after dialysis. When a pressure of 250 mbar is applied, the small
particles leave the polymersomes. Here, partial rupture of the membrane (i.e. poration),
combined with a polymersome squeezing is responsible. These pores increase in size with
increased pressure applied so that PEI-Mal 25 also leaves the vesicles upon 750 mbar pressure.
A mechanically improved polymersome, e.g. a crosslinked one, retains PEI-Mal 25 even at 750
mbar. If acidied, both nanoparticles leave the polymersomes already at 250 mbar pressure.
Thus, the membrane pores can be controlled by shear rate, crosslinking and pH. This specic
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approach for shear rate induced release is only available for the pH sensitive, photo crosslinkable
polymersomes discussed here.
Blue: Myoglobin / Green: Guaiacol / Pink: Guaiacol tetramer 
pH = 8  pH = 6  pH = 8  
Figure 5.15: Schematic principle of the bionanoreactor. While no reaction can be observed at
pH 8, the reaction can be observed at pH 6 due to the possibility of transmembrane
diusion.
The principles of loading small and large molecules were now combined in establishing a
bionanoreactor. The enzyme (myoglobin) was enclosed using the protocol for macromolecules
and the polymersomes were crosslinked afterwards. The procedure of crosslinking did not lead
to a complete denaturation of the the enzyme or to a loss of its ability to catalyze the oxidation
of guaiacol (model reaction). As with rhodamine B, the substrate guaiacol (small molecule)
was not able to penetrate the membrane at a basic pH value, resulting in no reaction to be
observed. Again, like rhodamine B, the substrate can diuse through the membrane at an acidic
pH when the polymersome is at a swollen state. Hence, myoglobin can catalyze the reaction
in this state. Once switching back to the unswollen state, no reaction is observed, indicating
that the membrane is closed again for diusion across the membrane. Thus, by establishing pH
controlled bionanoreactor, which works without transmembrane proteins, a main goal of this
work was achieved. (see section 2)
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6.1 Introduction
An important aspect of synthetic biology is to create structures, which are able to interact
with cells. Besides the need for extracellular research, it is also important to create articial
compounds, which enhance cellular functionalities. To t this purpose, two characteristics are
essential. For once, the researched compounds may not be generally toxic onto cells, since this
would forbid any biologically relevant application. Another essential point of interest is the need
of cellular uptake. If not taken up, the compounds cannot interfere with the cells properly. No
cargo can be released and interaction between the structure and interior cell compartments and
structures can be obtained.
In the specic case discussed in this work, a non-toxic uptake of the polymersomes would
allow for a new range of applications. An enzyme-containing polymersome could serve as an
articial organelle once introduced into the cells. For this purpose, however, the polymersomes
themselves may not destroy the cells, once they entered the cytosol. If taken up via an endo-
somal pathway, [4] the membrane will become positively charged due to the low pH of about
5.5 present in the endosomes. [151,152] On the one hand, the positive charges may cause high
toxicity. On the other hand, however, the swelling would allow for the transmembrane diusion
necessary to form a bionanoreactor. Here, the necessary balance needs to be found.
Thus, cellular toxicity and uptake behavior are an important issue and will be discussed in
the upcoming chapter.
6.2 Cellular toxicity
6.2.1 Inuence of vesicle preparation on cellular toxicity
When applying any material onto cells, sterility is the rst priority. Any non-sterile sample will
introduce an inammation or fungi infection onto cells, ultimately leading to cell destruction.
Obviously, this needs to be avoided and a feasible method for sterilization has to be established.
Of the methods known, autoclavation, ltration and UV irradiation are most commonly used.
However, autoclavation is not suitable for polymersomes, since there is a high chance, that
they would be destroyed upon the harsh conditions (high temperature, high pressure). On the
contrary, UV irradiation seems a quite feasible method for the polymersomes system discussed
here, allowing for sterilization while crosslinking. However, this advantage applies only, if the
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crosslinking process is carried out in a sterile environment and the sample does not leave the
sterilized compartment afterwards. Unfortunately, this precondition cannot be met since any
PEI-Mal or enzyme lled sample of polymesomes needs to cleaned after UV irradiation using
the HFF system or dialysis. Hence, only ltration through a 200 nm lter after polymersome
cleaning is a suitable sterilization method for pH sensitive and photo crosslinked polymersomes.
1 10 100 1000 10000
Size [nm]






z-Average 94 nm 93 nm 
Peak 
diameter 
117 nm 109 nm 
PDI 0.18 0.16 
Figure 6.1: Inuence of ltrating the polymersomes through a 200 nm lter on their size and
distribution. The DLS curve (volume plot) on the left and table with results on the
right show that no inuence of ltration can be observed.
Sterilization through ltration works by holding back spores, but makes use of shear forces
as well, which destroy any bacteria potentially present. In order to work eciently and reliably,
ltration needs to be done through a 200 nm lter. The polymersomes used are on average
roughly 100 nm in size, making it uncertain, whether they would also suer from shear forces
or would eventually be held back. Hence, the polymersome solutions were studied with DLS
before and after the ltration to see, whether a signicant change can be observed (gure 6.1).
As it could be expected, the DLS trace after ltration is narrowed down slightly from larger
sized structures. This means, a small amount of larger polymersomes left the solution upon
ltration. As a result, the PDI of the solution shrinks from 0.18 to 0.16, proving a more narrow
distribution than before. Additional key data from DLS also undermine the conclusion from the
bare DLS trace. Both, z-average and peak diameter decrease slightly upon ltration. While the
z-average does not change signicantly (dropping to 93 nm by only one nanometer), the peak
diameter shows a notable change by shrinking from 117 nm by 8 nm to 109 nm after ltration.
Although these changes are notable, they are of a minor nature. Consequently, ltration through
a 200 nm lter is a reasonable sterilization method for the crosslinked polymersomes studied
and was used in all further experiments.
With sterile material available, the toxicity of the polymersomes could now be addressed.
As usual when working with biological material, a PBS buered solution was used to prepare
the polymersomes, as it was already done for encapsulating enzymes. Now, a cell viability test
(MTT study) [104] was conducted using the crosslinked polymersomes created. Unfortunately, it
revealed a highly toxic behavior, meaning complete cell death 24 hours after the polymersomes
were applied (gure 6.2). Although the reason for this extremely toxic behavior at a low
concentration of 0.02 mg/ml in the cellular solution was not clear, it was improbably to be only
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Abbreviation Crosslinking conditions Cell Viability Results of MTT Test on HDFs and HeLas 
Figure 6.2: Inuence of crosslinking conditions on polymersome toxicity. The crosslinking con-
ditions are shown left and the result in the MTT test is shown right.
induced by the vesicles. Other pH sensitive polymersomes were shown to be almost non toxic.
However, other vesicles have not been irradiated with UV light. Under the assumption that
irradiation with UV light is the toxicity inducing step during vesicle formation, the system was re-
examined for possible side reactions. As it is well known, UV irradiation excites double or triple
bonds, eventually allowing light-dependent reactions or leading to radical formation. Besides
the maleic imide residue, which forms the crosslinking bonds, the phosphate ions also contain
a double bond, although delocalized. Interestingly, some literature suggests the formation of
phosphate radicals upon UV irradiation. [153155] Such an assumption is supported by the fact
that phosphate biradicals would be - like the ion itself - mesomerically stabilized (gure 6.3).
Once the radicals are formed, they would be able to form larger aggregates or random new
compounds with the polymers forming the polymersomes.
Figure 6.3: Molecular structure of the pure phosphate (PO4
3-) or hydrogen (1 H, HPO4
2-) and
dihydrogen phosphate (2 H, H2PO4
-) present during UV irradiation. Their ionic
and biradical structures are stabilized due to the presence of multiple mesomeric
structures of both molecules.
If only aggregates formed induce toxicity, they can be cleaved away easily using the cleaning
already used for PEI-Mal or enzyme containing vesicles - the HFF system. Hence, the crosslinked
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vesicles were processed with 750 mbar TMP in order to reach an ecient cleaning by replacing
the solvent with fresh, non-irradiated buer. As a result, the viability levels rose, but were
still 20 % for HDFs and even lower for HeLa cells (about 10 %, gure 6.2), a result, which
indicated the presence of toxic aggregates in the polymersome solution due to UV irradiation.
Furthermore, this proves that the majority of the toxic compounds are bound to the polymer,
since the HFF purication leads to replacement of the irradiated buer against fresh one. Any
remaining toxicity must therefore result from toxic compounds bound to the polymer chains. If
their formation was due to the phosphate ions, toxicity should be gone, when the vesicles are
formed, or at least crosslinked, without them. Resulting from these thoughts, PBS was now
left out of the formation procedure. Proving the theory, these PBS-free formed and crosslinked
polymersomes resulted in signicantly higher cell viability values. With 90 % viability for HDFs
and 60 % for HeLa cells, it was now certain that the main reason for toxicity was cut out of the
system (gure 6.2). It was not certain though, whether small aggregates could still be formed
using another mechanism or simply form due to loosely crosslinked polymersomes. Hence, the
HFF system was used again to remove any agglomerates present. Unlike to the use in the PBS
based-solution, no signicant change was now monitored for the cell viability levels for both cell
types, a result, which allowed the use of the HFF system in polymersome preparation and thus
the enclosure of PEI-Mal macromolecules. Their enclosure allowed for indirectly uorescence
labeled polymersomes, a necessary prerequisite for qualitative and quantitative cellular uptake
studies. Surprisingly, their enclosure lead to cell viability levels of 90 % and above for both
cell types tested, meaning the loss of all toxicity (gure 6.2). Here, it can be suspected that
the PEI-Mal macromolecules successfully enclose and therefore cover toxic molecules, which
do not leave the polymersomes upon HFF treatment as PEI-Mal is known system to load
small molecules. [143,145,156] Besides their enclosure of toxic material, this result now allows for
PEI-Mal containing polymersomes to be used later in cellular uptake studies.
6.2.2 Inuence of crosslinking density on cellular toxicity
While non-toxic vesicles were now available, an additional important factor needs to be dis-
cussed. Besides the conditions during UV irradiation could be adjusted, the irradiation time
is also an issue. When the crosslinking time for the vesicles was studied, they were irradiated
until a sudden rise in diameter was visible in acidic conditions (see part 3.3.2). Logically, not
all crosslinking units found a counterpart at this time point, just enough of them to prevent
vesicle disassembly upon acidication. The residual groups can provide the basis for a more
dense crosslinking upon longer UV-irradiation. Once crosslinked more dense, the polymersomes
reduce their degree of swelling upon acidication, which could be proven for all polymersome
forming polymers investigated (gure 6.4). Once irradiated longer than the actual crosslinking
time all vesicles show a signicant drop in their acidic size, though still swelling. Logically, the
reaction runs slower for each crosslinking bond created, since the chains loose mobility with the
bonds created. If irradiated long enough, all vesicles eventually reach a similar, stable size of
about 100 nm. The chains are now totally immobile, leading to vesicles, which do not swell
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Figure 6.4: Development of the detected diameter at an acidic pH with increasing UV irradi-
ation. For low UV irradiation times, the polymersomes disassemble. When they
reach crosslinking, large vesicles are visible. With increasing crosslinking time, the
crosslinking density increases and the detected swelling decreases for all polymers.
due to highly restricted chains in the network formed. It was now of interest, whether this loss
in swelling eects cellular toxicity levels.
Provided with the knowledge of decreased or totally diminished swelling, a change in surface
charge of the swollen polymersomes was likely to happen. The surface charge should decrease
with increasing crosslinking density, since a lower swelling would allow less charged nitrogen
atoms of the PDEAEM parts to reach the polymersome surface. As known from literature, such
cationic nanoparticles can play a crucial role in cellular uptake and toxicity. [151,157] On the one
hand, cationic particles display higher internalization rates against anionic plasma cell membrane
compared to anionic or neutral formulations. This is the key success of cationic polymeric
nanoparticles (for example chitosan) [158] for intracellular delivery. On the other hand, the use
of cationic nanoparticle carriers for intracellular delivery has extensively been reported to produce
cytotoxic and pro-inammatory eects. From these points of view it was of further interest
to produce non-toxic, cationic polymersomes at higher concentrations with tunable surface
charge (gure 6.5). A convenient way to check positive surface charge was to measure the zeta
potential, which was now monitored for C4-20 polymersomes at several crosslinking densities
(0 s, 35 s 120 s and 600 s UV irradiation applied). With increasing UV irradiation time, a
decrease in zeta potential is observable at physiological pH (gure 6.5 a) for all crosslinking times
tested. For no UV irradiation applied, a sharp rise in surface charge is visible between pH 7.4
and 7.0  the pH when non-crosslinked polymersomes disassemble. Individual positively charged
polymer chains present in the solution after disassembly consequently cause a high positive zeta
potential (gure 6.5 a and c). For crosslinked polymersomes, the sharp rise upon pH switch
shrinks considerably until it is virtually absent for dense crosslinked polymersomes, reached
after 600 s of UV irradiation. As previously mentioned, our crosslinked polymersomes show
85
6 Investigating Polymersome - Cell Interactions
a b 
0 s  
UV light 




pH = 8 pH = 6 c d 
HDFs 
HeLa cells 
Zeta potential vs. pH 





























   0 s
   30 s
   120 s
   600 s
Figure 6.5: (a) Development of zeta potential of polymersomes with increasing crosslinking
density; (b+d) with increasing crosslinking density cell viability rises considerably
for HeLa cells (b) and HDFs (d); (c) the higher viability comes from lower surface
charge in an acidic state, since the charge can be conned inside the membrane
(positive charges shown blue).
a characteristic swelling-deswelling behavior upon repeated pH changes. At acidic conditions
each polymer chain has more space to move, also due to membrane hydration and the evolved
positive charges try to get the greatest distance possible between each polymer chain. Since
the repelling force between the positively charged PDEAEM units cannot be decreased by
disassembly in the crosslinked state, the polymer chains disorder and mix formerly hydrophobic
and hydrophilic parts to increase entropy as much as possible. A combination of both eects
may cause loosely crosslinked chain patches to ip around and reveal the positive charge to the
outside of the vesicle and thus lead to the positive zeta potential measured (gure 6.5 a and
c). Logically, an increased crosslinking density means that the polymer chains are forced to
remain in their ordered state and less loosely crosslinked patches are present in the membrane.
A decreased number of patches leads to a decreased surface charge and thus also to a lower
86
6 Investigating Polymersome - Cell Interactions
zeta potential. With increasing UV irradiation time the polymersomes eventually reach a state,
where crosslinking cannot increase further. At this point, no swelling occurs, consequently
leading to conned charges in the inner part of the polymersome membrane. The complete
lack of increased zeta potential for polymersomes at acidic pH values, if irradiated for 600 s,
indicates the state of maximum crosslinking. Consequently, the eect of UV irradiation time
(and thus surface charge) on cellular viability was tested next via an MTT test (gure 6.5 b
and d).
For non-crosslinked and less dense crosslinked polymersomes (0, 35 and 120 s of UV irradia-
tion), no clear dependency of cellular toxicity and irradiation time was visible and complete cell
death was observed for 0.4 mg/ml added. At all polymersomes tested, the surface considerably
gains positive charges upon switching, so the cells are able to interact with the charges present.
While the positive charges decreased for increasingly crosslinked vesicles (see zeta potential),
the charges were now concentrated at the polymersome surface and not diluted throughout the
solution. This lack of dilution opposes the decreasing overall charge and results in an unchanged
cell viability observed. Interestingly, densely crosslinked polymersomes (600 s of UV irradiation)
yielded vesicles with a signicant rise in cell viability in comparison to polymersomes irradiated
less for all concentrations tested (g 6.5 b and d). For 0.1 mg/ml added, HeLa cells and HDFs
showed 95 % cell viability or higher, e.g. no negative eect on cell viability. For these vesicles,
the charges are covered and not present and concentrated on the surface as for less dense
crosslinked polymersomes and cannot inuence cell viability. Although slightly decreased, the
cells show remarkably high levels of viability (about 85 %) also at a concentration of 0.4 mg/ml
of the densely crosslinked polymersomes (600 s irradiated, see gure 6.5 b and d). Despite
the reduced swelling caused by the dense crosslinking, these vesicles are still feasible for drug
release, although at a lower level than less densely crosslinked ones. [66]
In conclusion, only densely crosslinked polymersomes allow for delivery of cargo into the cells
at high concentrations.
6.3 Cellular uptake
The polymersomes produced now met all requirements for optical biological methods  they were
loaded with cargo, non-toxic and detectable using uorescence methods. Concerning cellular
uptake, it was not only of interest, whether the cells generally uptake our polymersomes, but
also the time-scale of the process. Hence, studies using live uorescence imaging [108,109] (gure
6.6) and ow cytometry (FACS analysis, [107,110] gure 6.7) were now conducted making use
of the dye marked PEI-Mal loaded into polymersomes. These studies should now allow rst
insights into cellular uptake kinetics.
6.3.1 Qualitative study (Imaging)
First of all, live uorescence micrographs of HeLa cells and HDFs (gure 6.6) were conducted.
For both cell types analyzed, an intracellular accumulation of the uorescent PEI-Mal cargo
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Color scheme of 
uptake images 
HeLa Cells - Uptake images - HDFs 
Figure 6.6: Qualitative study of cellular uptake, left the color scheme used in the confocal
microscopy images of the polymersome uptake (blue nucleus (Hoechst stain [159])
and green cargo). The images (right) were taken for HDFs and HeLa cells.
could be determined. The PEI-Mal used in this study is PEI-Mal 25 and as shown previously
(section 5.3.3), these nanoparticles do not leave the polymersomes, unless a pressure is applied
at an acidic pH. While an acidic pH occurs during endolysosomal uptake into the cells, a
transmembrane pressure is absent, since the cells do not suer any mechanical stress. Hence,
the detected cargo can be taken as detected polymersomes. The conned space in which the
polymersomes could be detected, not only proves cellular uptake, but is also another proof for
low toxicity values. Since all polymersome cargo is nicely agglomerated around the stained
nuclei, the cells can be seen as intact and alive. As shown above (gure 6.2) PEI-Mal loaded
polymersomes are not toxic at low concentrations, a result, which is undermined with the
confocal images.
6.3.2 Quantitative study (FACS analysis)
Control (0 h) 
0.8 % / 1.0 19 % / 5.0 63 % / 9.3 86 % / 16.7 
3 h uptake 9 h uptake 24 h uptake 
Figure 6.7: FACS analysis showing the gradual uptake of PEI-Mal loaded polymersomes into
HDFs. The numbers below the images show the percentage of cells containing
polymersomes and the relative intensity (1.0 = autouorescence).
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A way to have time-resolved quantitative result of cellular uptake is the so-called uorescence
activated cell sorting (FACS). [107,110,111] Here, the cells are sorted by size and uorescence
intensity. Together, this method results in the number of cells, which did uptake of the particles
of interest and via the uorescence intensity of the individual cells also the the amount of
internalized cargo. Due to autouorescence, the control experiment already shows an uptake
of 0.8 % of the whole population, while the uorescence intensity is automatically set to 1.0
(gure 6.7, 0 h). For the PEI-Mal loaded polymersomes investigated, a relatively fast uptake
kinetic could be monitored for the HDFs (only cell type investigated). After only 3 h of cell
treatment, almost a fth of the cell population (19 %) already shows internalized polymersomes.
Besides the number of cells, the uorescence intensity has also risen considerably to 5.0 (gure
6.7). If incubated for 6 more hours, meaning after 9 h of uptake, over 60 % of the cellular
population already showed polymersome uptake with a yet higher intensity (9.3). After one
day cellular treatment, almost the whole cell population (86%) is positive for polymersomes
uptake. Although the number of cells only increased by one third from 9 to 24 hours of uptake,
the amount of polymersomes, meaning the uorescence intensity, almost double to almost 17
(gure 6.7), a result, which proves that polymersome uptake continues after an initial amount
entered the cells. Hence, FACS proves not only a fast, but also continuous polymersome uptake
kinetics into HDFs.
6.4 Summary
Within this chapter, cellular interactions of the photo crosslinked and pH sensitive polymersomes
with a HeLa cell line and HDFs (primary cells) were thoroughly discussed. The rst and
fundamental goal to get sterile samples was reached by ltration through a 200 nm lter. DLS
measurements before and after the ltration proved that only small amounts of material was
lost during the process. As usual for biological experiments, the samples were initially prepared
in PBS buer to get a proper ionic strength. However, after UV irradiation those polymersomes
proved to be extremely toxic and did not allow for further experiments. Also the replacement
against fresh, non-irradiated buer did not give the desired high values of cell viability. It
was not unreasonable to assume that the phosphate present did cause the formation of toxic
by-products during the UV irradiation applied for crosslinking. UV irradiation excites double
bonds - of which one is also present in the phosphate ions, although delocalized. The resulting
biradical, which is also delocalized, is now able to react to agglomerates or with the polymers
present to form potentially toxic side products. A reaction with the polymer is quite probable
to happen, since a simple HFF cleaning, meaning an exchange against fresh, non-irradiated
buer, did not yield a less toxic material. Consequently, signicantly less or no toxicity was
determined if the phosphate was left out during the irradiation process. This accounts for the
pure irradiated system as for an HFF cleaned one. Since the HFF cleaning did not seem to have
an eect on cell viability, PEI-Mal could be enclosed into the polymersomes and remaining free
PEI-Mal removed using this method. The PEI-Mal loaded polymersomes proved to be the less
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Figure 6.8: a) The crosslinking conditions of polymersomes inuence cell viability; b) Charac-
terizing cellular uptake in a qualitative (uorescence microscope) and quantitative
manner (FACS analysis) c) Crosslinking time inuences surface charge of the poly-
mersomes and (d) with this also cell viability.
toxic of all polymersomes tested, indicating the ability of PEI-Mal to enclose and thus shield
toxic materials (gure 6.8 a).
After the PEI-Mal loaded structures were available, they could be dye-labeled and cellular
uptake was imaged using FACS analysis and laser microscopy (gure 6.8 b). Both methods
revealed a positive cellular uptake. While optical imaging showed an agglomeration of polymer-
somes around the nuclei, FACS analysis indicated a gradual and continuous uptake behavior.
After 24 hours of incubation, almost the whole population showed polymersome uptake (86 %),
proving good uptake kinetics. Additionally, both methods showed that numerous polymersomes
reached the cells, as quantied by FACS analysis (uorescence intensity rose to 16.7 from 1.0
during polymersome uptake). Besides showing cellular uptake of the polymersomes, both meth-
ods also show healthy cells, which strengthens the previous result of low cellular toxicity (gure
6.8 b).
The good results of low toxicity were then translated onto higher concentrations. With rising
concentration, charge density becomes more of an issue concerning toxicity. Once internalized
into the cells on an endolysosomal pathway, the polymersomes experience a pH drop down to
pH 5-6, thus below their switching point. Now, the pH sensitive PDEAEM gets protonated,
leading to charge formation, which can be monitored in vitro as a change in zeta potential
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(surface charge). With increasing crosslinking density, the surface charge shrinks for acidic
conditions. While disassembled polymersomes (not crosslinked) result in numerous charged
polymers, also less dense crosslinked polymersomes show a rise in surface charge upon acid-
ication. Here, the developing positive charges are able to repel each other far enough to
reach polymersome surface, an eect, which decreases and nally ceases totally with increasing
densely crosslinked polymersomes. At a certain crosslinking point, the charges stay within the
membrane and do not reach the surface anymore. Thus, the charge is shielded by the PEG
corona of the polymersome (gure 6.8 c). A variety of those vesicles with dierent crosslinking
densities was now applied onto cells, testing cell viability. Here, it was obvious that only densely
crosslinked polymersomes showed the desired high values of cell viability at all concentrations
tested (gure 6.8 d). For any other polymersomes tested, the positive charges present were too
high and provoked cell death at a certain concentration.
In conclusion, the polymersomes are least toxic if prepared in a phosphate free environment
and when densely crosslinked. Furthermore, PEI-Mal loaded vesicles were internalized into cells
using polymersomes as a transporter vesicle. Together with optical microscopy, FACS analysis
revealed good uptake kinetics with an almost complete incubation of the cell population after
24 hours.
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Within this work, a variety of amphiphilic block copolymers were synthesized in order to form
polymersomes. These polymersomes were to be pH sensitive as well as photo crosslinkable.
Once the polymersomes were available, their membrane was studied closer and the vesicles were
applied as cargo container and as bionanoreactor. Besides these applications, the interactions
between polymersomes and cells were studied.
7.1 Chemical Properties of the Polymersomes
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Figure 7.1: Chemical synthesis of the polymer used to form polymersomes using dierently
spaced crosslinking monomers. The polymer contains a homogeneous hydrophilic
part and heterogeneous (pH sensitive and crosslinkable) hydrophobic part. Due its
composition the polymer is able to form a polymer bilayer, which can be part of a
polymeric vesicle (polymersome).
In order to form polymersomes, an amphiphilic block copolymer with a specic block length
ratio is necessary. [14,36,63,69] From the variety of polymersome-forming systems already available,
the pH sensitive PEG-PDEAEM was used for further modication and characterization. [63] In
order to increase polymersome functionality, the polymer was enhanced by introducing the photo
crosslinkable dimethylmaleic imide functionality attached to a polymerizable methacrylate unit
(gure 7.1). [130,131] During this study, the length of the spacer between the crosslinkable unit
and the methacrylate group has been altered from an ethyl (C2, DMIEM) over a butyl (C4,
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DMIBM) to an hexyl (DMIHM) spacer to nd the optimal spacer length (gure 7.1). Due to
pH sensitive character of the polymer, the polymer was rst dissolved in acidic water and the
self-assembly process started as soon as the pH value was switched to basic conditions. If a
block length ratio hydrophilic/hydrophobic of about 1:2 was reached, the polymer chains readily
self-assembled into a polymer bilayer to form polymersomes (gure 7.1) and were studied more
closely (table 7.1).
Table 7.1: Summary of the polymers (PEG-PDEAEM-PDMI(E/B/H)M) investigated to form
photo crosslinked and pH sensitive polymersomes
Polymer CL name1 CL content2 blr3 D4 Psome formed5 CL time6 pKa7
C2-0 none (PEG-PDEAEM) 1:2.0 1.33 yes nCL8 
C2-10 PDMIEM 10 mol-% 1:1.9 1.30 yes 180 s 7.3
C2-20 PDMIEM 20 mol-% 1:1.9 1.34 yes 120 s 7.0
C4-10 PDMIBM 10 mol-% 1:2.0 1.26 yes 120 s 7.1
C4-20 PDMIBM 20 mol-% 1:2.2 1.34 yes 30 s 6.8
C6-10 PDMIHM 10 mol-% 1:1.8 1.63 not only8  
1Crosslinker name, see gure 3.11; 2Crosslinker content in hydrophobic block; 3Block length





of the polymer, determined via GPC;
5PSome = Polymersome, formation determined via DLS; 6Time of UV irradiation to reach
crosslinking; 7pH value when 50 % swelling of crosslinked polymersomes is reached; 8Broad
distribution, micelles are formed as well.
In order to nd the most suitable polymer for all further investigations, not only the spacer
length in crosslinker was modied, but also its content within the hydrophobic block. 10 mol-%
and 20 mol-% crosslinker content for each spacer length should be tested for their relevance
in this study. Since the use of a C6-spacer yielded in large D of the polymer (1.63) it lacked
denite structures in solution and could not be used further on. Polymers containing a C2 or
C4 spacer, however, yielded macromolecules (D about 1.3) suitable for polymersome formation
(table 7.1). After the vesicles were produced, it was of interest whether they can be crosslinked
or not and what time of UV irradiation [131,135] would be necessary until a stable crosslinking
is reached (crosslinking reaction shown in gure 7.2). With only 30 s UV irradiation necessary
to reach a stable crosslinking, a polymer with 20 mol-% of a butyl (C4)-crosslinker showed the
least UV irradiation time necessary (table 7.1). While a polymer with less C4-polymer needed
more irradiation time due to less crosslinking moieties present, also both polymers with an
ethyl (C2) crosslinker needed more irradiation to form crosslinked polymersomes. Here, sterical
hindrance of the shorter and less mobile chain slowed down the crosslinking process. Besides
the lowest crosslinking time, vesicles of the C4-20 polymer also showed the lowest pKa value
(pKa = 6.8, table 7.1). A fact, which was important for cellular uses. The pH sensitive part
should stay unprotonated (unswitched polymersome) in PBS buered cell media with a pH
of 7.4. Hence, the low pKa and the shortest crosslinking time qualied the C4-20 polymer to
be used exclusively in further studies.
A clear indicator for stable crosslinking, meaning that all polymer chains are chemically
bound to each other, was reversible swelling. The swelling was logical due to the protonation
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Figure 7.2: a) Photochemical reaction leading to crosslinking; b) reproducible swelling as deter-
mined by DLS and visible at the change in polymersome diameter (peak diameter)
shown. The pH-dependent behavior is due to the protonation of the amine group
within the hydrophobic part.
of the PDEAEM groups present in the vesicles. Once an acidic pH value is reached, the
positively charged groups repel each other and the distance is increased to the maximum
possible, only stopped by the crosslinking bonds. Any polymer chain, which was not integrated
in the crosslinked network, would now leave the vesicle due to the repelling forces mentioned. As
a consequence, the polymersomes would suer a loss in size after they are back at a basic state.
In contrast, the polymersomes of the C4-20 polymer showed a stable and reproducible swelling-
deswelling behavior over at least 5 cycles. Hence, it represented the thoroughly crosslinked
polymersome necessary for further investigations.
7.2 Properties of the Polymersome Membrane
Since polymersomes could be formed and crosslinked, their membrane properties were also of
interest. Like with liposomes, the membranes were created out of preformed polymersomes,
which opened up to yield supported bilayers once reaching a plasma cleaned surface. These
structures could be analyzed for their height using AFM. [46,112,114] An analysis of the heights
discovered using a histogram, revealed a grouping into various layers. All layers were equally
distanced (7.3 nm) and of narrow distribution (gure 7.3). Of course, these - partially multiple
- membrane layers could now be crosslinked and acidied like actual polymersomes. After
acidication, the obvious layer structure diminished almost completely, but vague remains were
still present (gure 7.3 and table 7.2). Due to some polymer chains inserting into the membrane
in a reverse manner, intermembrane crosslinking occurred during UV irradiation, allowing the
multiple layers to be retained. Without crosslinking between the layers, the positive charges
evolving due to protonation would at least cause the upper layers to leave the surface analyzed.
However, the fact of a vanishing layer structure is most probably due to a broad range of
swelling degrees of the crosslinked bilayers, resulting from an inhomogeneous intermembrane
crosslinking.
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Figure 7.3: a) The supported polymer bilayers were produced from preformed vesicles. Once
the membrane layers were created, they were crosslinked and eventually acidied,
AFM images (if obtained) included in the boxes; b) Analyzing the detected heights
of the bilayers via histograms revealed a layer structure for basic conditions, which
is visualized in the bar chart, including mean layer height and overall height (I);
c) Layer-height histogram for acidic conditions, showing that the layer structure
diminished greatly once switching to a low pH (II)
Table 7.2: Characteristic values of the bilayers
pH conditions Crosslinking state Height1 Layer structure1 E-module1,2 Fluidity3
basic no 7.3 nm4 yes 40 MPa none
basic yes, 60 s UV   175 MPa none
acidic yes, 60 s UV ∼ 25 nm (no)5 225 MPa none
1 Determined via AFM and consecutive evaluation; 2 E-module determined using a derived
Hertz model; [115] 3 Determined using the ourescence based method FRAP [113,117] and a
physisorbed ourescence-labelled phospholipid; 4 7.0 nm if determined via TEM in a vesicle; 5
Thicknes of an individual layer could not be determined for sure.
Besides their height, the rigidity (E-module) was also investigated. As it was to be expected, a
non-crosslinked membrane showed a considerably lower E-module (40 MPa) than the crosslinked
one (175 MPa) (see table 7.2). Due to the crosslinking bonds - also between the layers - the
polymer chains cannot move around freely anymore, leading to bilayer which cannot be deformed
as easy anymore and ultimately leads to a higher E-module. Crosslinked acidied bilayers show
a slight increase in E-module (225 MPa), although not as obvious as the change just discussed.
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For acidied membranes, two opposing eects almost level each other. For once, the swelling
leads to a material, where each molecule is hindered less by the surrounding polymer chains,
which would lower the E-module. The positive charges causing the swelling, however, would
have to get closer to each other, if the material is deformed. Consequently, overcoming the
repellant force of the charges increases the E-module of the acidied membrane. In the case
discussed, the hardening eect of the charges slightly outruns the softening eect of the swelling.
Another characteristic value of membranes - their uidity - was also determined and yielded
that all the polymer bilayers are completely non-uid, regardless of the conditions tested. Appar-
ently, the typical entanglements of polymer chains resulted in membranes, where the molecules
show no diusion within the membrane.
7.3 Polymersomes Hosting Cargo
b) Pressure and pH dependent release of differently sized nanoparticles  
(PEI-Mal 25 – 10 nm diameter; PEI-Mal 5 – 4 nm diameter) 
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Not  applied Not  applied
Figure 7.4: a) The enclosure of myoglobin allowed for the formation of bionanoreactor, only
showing a reaction at pH 6 (acidic conditions). No reaction was observed at basic
conditions before (b) and afterwards (b-a-b); b) PEI-Mal enclosure (10 and 4 nm in
diameter) showed a pH, pressure and crosslinking-state dependent release behavior.
Polymersomes are an empty lumen surrounded by an ordered shell. Hence, it is an obvious
goal to ll the lumen and reach a specic release system or controlled interactions with the
cargo enclosed. In this work, the specic release was studied using globular shaped, hyper-
branched macromolecules of 10 nm (PEI-Mal 25) and 4 nm (PEI-Mal 5) in diameter. [142,145]
Both nanoparticles could be enclosed into the polymersomes and retained inside, if the pressure-
free cleaning method dialysis was applied. However, if a pressure-based cleaning method came
to use (so-called HFF system), the small nanoparticles left the crosslinked and non-crosslinked
polymersomes at 250 mbar, while the large PEI-Mal macromolecules could be retained (gure
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7.4). The pressure forced a deformation and subsequent pore formation within the membrane
of the polymersomes. Once the pressure rose to 750 mbar, the pores increased enough for the
large nanoparticles to leave the non-crosslinked polymersomes as well. Due to their increased
mechanical strength, the crosslinked polymersomes retained the PEI-Mal 25 also at 750 mbar
(gure 7.4). Together with the fact that acidied, swollen vesicles did not retain any of the
nanoparticles tested, their pore formation could be controlled using crosslinking state, applied
pressure and pH.
If the enclosed macromolecule was not a nanoparticle, but an enzyme, a bionanoreactor
was constructed. While the polymersome membrane did not allow substrate for the enzyme
to diuse through the membrane, substrate could pass the membrane at an acidic state only
(gure 7.4). As a result, an eective pH controlled bionanoreactor, which works without the
use of transmembrane proteins, could be constructed.
7.4 Cellular Interactions of Polymersomes With Cells
No buffer,  
basic solution 
PBS Buffer,  
basic solution 
PBS Buffer, HFF  
basic solution 
No Buffer, HFF 
basic solution 
No Buffer, HFF  
basic solution 
1: 
a) Crosslinking conditions Cellular response 








Figure 7.5: a) For low concentrations, the crosslinking conditions show a large eect on cel-
lular viability, if crosslinked at conditions 3 and applied at larger concentrations
(b) crosslinking density (amount of UV irradiation during crosslinking) has a large
inuence on cellular viability.
As described, the polymersomes yield feasible transport systems for cargo as well as a nanore-
actor. Hence, their cellular toxicity was studied in order to discover their potential as drug
delivery systems and synthetic organelle. Toxicity could be reduced greatly by adjusting the
chemical environment during the crosslinking process and the amount of UV irradiation applied
on the system. For once, polymersomes prepared and crosslinked in a phosphate containing
system (PBS) proved to be toxic - probably due to phosphate radicals associated toxic sub-
products from PBS formed during the UV irradiation. [153,154] In contrast, the ones prepared
in buer free water were highly biocompatible, regardless whether the vesicles were puried
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using the HFF system or not (gure 7.5). Also without phosphate, the pH dependent cationic
surface charge of non-crosslinked and less dense crosslinked polymersomes resulted in increased
toxicity, especially at larger concentrations. Dense crosslinking by long UV irradiation aided to
exhibit the PEG corona as dominant outer component which resulted in shielding of the positive
charge and a greater biocompatibility (gure 7.5).
These results demonstrated how side reactions and preparation conditions can turn a material
from toxic at low concentrations into a non-toxic material. According to the results presented
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FACS Analysis (HDFs) 
Uptake image for HeLas 
Figure 7.6: Cellular uptake images of polymersomes (green) with a blue nucleus; FACS analysis
showed an almost complete cellular uptake into HDFs after 24 hours.
With non-toxic material in hand, it was logical to investigate the cellular uptake behavior
as well, this time including cargo due to imaging reasons. According to the results presented,
the pH sensitive and crosslinked polymersomes with a hyperbranched polymer as sample cargo
are internalized rapidly. Optical images of both, a cell-line (HeLa cells) and primary cells
(HDFs), revealed a good internalization of our loaded vesicles after 24 hours. Additionally, a
kinetic study using FACS analysis [107,110] on the primary cells used showed a continuous uptake
behavior (gure 7.6). These promising results show the great potential of our system as a drug
delivery system or a synthetic and internalized organelle.
7.5 Future Prospective
Despite the goals already achieved with polymersomes, these polymer analogs to liposomes
hold a variety of additional possible applications. Based on this work, some of them will be
discussed in the following section.
Considering the principle of the bionanoreactor presented here, it seems to be consequent to
extend this concept. Since transmembrane proteins are not used, the principle can be extended
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pH 8, no 
substrate 
pH 6, with 
substrate 
2 Enzymes in 1 vesicle 2 Enzymes in 2 different vesicle 
Figure 7.7: A 2-enzyme system within polymersomes. Either both enzymes are in one vesicle
and both reactions are carried out in the same lumen, or the polymersomes with
dierent enzymes are mixed, where the intermediate product blue would have to
pass two membranes.
to a variety of additional enzymes, but also towards a combination of enzymes. For example,
a reaction cascade could be carried out using the pH sensitive, crosslinked polymersomes pre-
sented. Once acidied, the initial substrate would be able to penetrate the membrane to be
processed by the rst enzyme to yield at least one intermediate product. Now, the system has
to be designed in a way that the intermediate is at least one substrate for the second enzyme.
In this way the nal products yield from a reaction of the second enzyme with the previously
mentioned intermediate product of the rst enzyme (gure 7.7). Another way to reach the same
goal would be to load the dierent kinds of enzymes independent from each other in dierent
polymersomes. This separation step might become necessary if the two enzyme block each oth-
ers activity. Again, the cascade reaction could happen at acidic conditions but two membranes
would have to be overcome by the initial substrate. This is a clear drawback of this approach,
since the distance between the polymersomes would have to be traveled as well - slowing down
the system once more. However, both approaches towards a multi-step bionanoreactor could
be studied further.
Besides a further development of the bionanoreactor, the biocompatibility is also worthy
to be studied further. An important aspect in this respect would be the modication of the
polymersome surface to reach specic cellular targeting and imaging. In order to image the
polymersomes directly, a dye-modied polymer should be mixed into the polymers forming the
polymersomes (gure 7.8). For specic targeting, receptor molecules need to be introduced into
the polymersome surface. [14,34] Since these molecules may be damaged during the polymeriza-
tion or crosslinking process, they would have to be attached to a formed, crosslinked vesicle.
However, any chemical modication done after the polymersomes are formed are strictly resisted
to water based reactions without extreme conditions which would destroy the polymersomes.
Hence, strong physical interactions are favored for this purpose. Equipping parts of the polymer-
some with adamantane could solve this problem. Now, any cyclodextrine modied molecule
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Figure 7.8: Surface modication of polymersome modication may be reached by introduc-
ing modied polymers. Dye-modied polymers (1) could be introduced as well as
adamantane functionalized ones (2). Now, cyclodextrine (CD, 3) may complex the
adamantane on the polymersome surface to reach further functionalization.
should be bound to the polymersome surface due to the strong adamantane-cyclodextrine
interactions. [160] Combined with the dye modication, a traceable and receptor-modied poly-
mersome should be accessible.
Furthermore, the same principle of an adamantane modied polymersome might also be
applicable for binding polymersome onto other places, e.g. surfaces. Using a cyclodextrine
modied surface, adamantane functionalized polymersomes could be localized onto them. Ad-
ditionally, the polymersomes could host an enzyme, or groups of enzymes, allowing for localized
specic reactions, tailored by the pH of the surrounding media. Using nanoblotting techniques,
dierent areas of the surface could be functionalized with dierent polymersomes and thus,
with dierent localized enzymes.
Together, these are only few of many possible future tasks to be accomplished using the pH





8 Materials and Methods
8.1 Materials
If not stated otherwise, all chemicals were used as received. All, anhydrous tetrehydrofurane





Poly(ethylene glycole) methyl ether







2,2'-Bipyridine Sigma-Aldrich > 99 %
2-Bromoisobutyryl bromide Sigma-Aldrich 98 %
2-Aminoethanol Sigma-Aldrich >99 %
Methacryloyl chloride Sigma-Aldrich > 97 %
Copper-I-bromide Sigma-Aldrich 98 %
Aluminium oxide (neutral, activated) Sigma-Aldrich Brockmann I
Rhodamine B isothiocyanate Sigma-Aldrich Mixed isomers
Fluorescein isothiocyanate Sigma-Aldrich Isomer 1, 98 %
Sephadex G25 Sigma-Aldrich Fine
Magnesium sulfate Sigma-Aldrich > 99.5 %
D-Maltose monohydrate Sigma-Aldrich > 99 %
2,3-Dimethylmaleic anhydride Acros Organics 97 %
4-Amino-1-butanol Acros Organics 98 %
6-Amino-1-hexanol Acros Organics 94 %
Tetrahydrofuran, Extra Dry over Molecular Sieve Acros Organics 99.5 %
Toluene Acros Organics 99.5 %
Chloroform Acros Organics 99.8 %
Ethyl acetate Acros Organics 99.6 %
n-Hexane Merck 95 %
Dialysis membrane (MWCO 25 kDa) Carl Roth
Wet over 20 %
ethanol
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Hyperbranched poly(ethylene imine) (Mn= 5000
g/mol) - Lupasol G100
BASF SE not water-free
Hyperbranched poly(ethylene imine) (Mn= 25000
g/mol) - Lupasol WF
BASF SE not water-free
Bodipy-chloresterol, Avanti Polar Lipids
0.51 mM in
Chloroform
Cy-5 mono NHS ester VWR
1mg/ml in
Methanol




The molecular weight distributions of the copolymers were assessed at 40 °C using a Polymer
Laboratories PL-GPC50 Plus Integrated GPC system (Varian Inc., UK) equipped with a Polymer
Laboratories pump, a PL ResiPore column (300 Ö 7.5 mm), a PL data stream refractive index
detector and a PL-AS-RT Autosampler. The calibration was carried out using twelve polystyrene
standards with Mn values ranging from 162 to 371,100 (Varian Inc., UK). The eluent was THF
and the ow rate was 1.0 mL/min. The data were processed using Cirrus GPC oine GPC/SEC
software (version 2.0).
1H and 13C NMR spectra were recorded using Bruker Avance III 500 spectrometer operating
at 500.13 MHz MHz (1H) and 125.77 MHz (13C), with CDCl3 as solvent at room temperature.
The copolymer compositions were determined from 1H NMR spectra in dry CDCl3, using the
integrated signal assigned to the PEG block as an internal standard.
DLS studies of 2 g/L aqueous vesicle solutions were carried out over a range of pH at 25
°C using a ZETASIZER Nano series instrument (Malvern Instruments, UK) equipped with a
multi-purpose autotitrator (MPT-2) and Dispersion Technology Software (version 4.00). The
data was collected by the NIBS (non-invasive back-scatter) method using a Helium-Neon laser
(4 mW, 632.8 nm) and a xed angle of 173 degrees. More details about the evaluation of the
data in Figure 2a and Figure 2b. All data was obtained using Vol-% evaluation, assuming an RI
of 1.5 for the polymer. The peak size given is the z-average within the measurements, except
for radiation dependent measurements (Figure 2a), where the peak maximum was used.
The UV irradiation was carried out within a UVA Cube 100 (honle UV Technologies, Germany)
equipped with a medium pressure mercury lamp as UV source (100 W) or on a EXFO Omnicure
1000 spot curing system (Lumen Dynamics Group Inc., Canada) equipped with a high pressure
mercury lamp (High Pressure 100 Watt Mercury Vapor Short Arc and a 320-500 nm lter) as
UV source (gure 8.1).
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UVA-Cube 100 
Figure 8.1: UV spectra of the UV lamps used. Left the spectrum of the mercury lamp in the
honle UVA Cube 100 and (right) the spectrum of the lamp in the EXFO Omni-
cure 1000 spot curing system. Both copied from product descriptions and (C) the
corresponding companies.
UV-Vis measurements were done at Cary 100 scan (Varian Inc., UK) and Lambda 800 (Perkin
Elmer, USA). They were carried out in a range from 700 nm to 400 nm using 1 nm steps.
Vesicles from electroformation were imaged in a commercial ConfoCor2 system (Carl Zeiss,
Germany) using a multi-track mode according to a protocol from Schwille et al.1 Light from an
Ar laser at 488 nm, and a He-Ne laser at 633 nm was reected with a HFT UV/488/543/633
dichroic. A 40x numerical aperture 1.2 C-Apochromat water immersion objective was used,
and the pinhole size was set to 90 µm in the green channel, although adjusted in the red
channel for the same z thickness. Emitted uorescence was separated with a secondary dichroic
beam splitter 570 dichroic and passed through 505 nm or 650 nm long pass lters to be nally
detected with a photomultiplier. Image processing and analysis was carried out with ImageJ
and Zeiss LSM Image Browser.
Bright-eld microscopy was carried out at a Zeiss Axiovert 200 (Carl Zeiss, Germany) micro-
scope, equipped with an Zeiss C-Apochromat LD 40x objective (Carl Zeiss, Germany). Imaging
was carried out using a Andor iXon EMCCD camera (Andor Technology, USA). The hollow bre
ltration (HFF) was performed using a KrosFlo Research IIi (SpectrumLabs, USA), equipped
with a polysulfone-based separation module (MWCO: 100 kDa or 500 kDa, Spectrum Labs,
USA)).
Transmission electron microscopy (TEM): Imaging was performed on a FEI Tecnai G2 Spirit
TEM instrument operating at 120 kV equipped with a Gatan 1k CCD camera.
Atomic force microscopy (AFM): Images were taken using a DIMENSION ICON from Bruker-
Nano (USA). Image analysis was performed with WsXM [161]
Plasma cleaning: The wafers and glass slides were plasma cleaned with a PDC002 (Harric
Plasma, USA) at the high setting (740 V, 40 mA, 29.6 W applied to the RF coil) for 120
seconds for each sample.
Cell culture: Primary human dermal broblasts (HDFs) were obtained from LGC standards
(Teddington, UK). Cells were maintained in DMEM (Biosera, UK) supplemented with 10 %
(v/v) foetal calf serum, 2 mM L-glutamine, 100 IU/ml penicillin, 100 mg/ml streptomycin and
0.625 µg/ml amphotericin B (all from Sigma-Aldrich, UK). Cells were sub-cultured routinely
104
8 Materials and Methods
using 0.02 % (w/v) trypsin-EDTA (Sigma-Aldrich, UK) and used for experimentation between
passages 4 and 8. HeLa cells (ATCC CCL2) were also maintained in the same culture condi-
tions. Flow Cytometry was carried out using a BD FACSArray bioanalyzer, also using the BD
FACSArray data analysis software (BD, USA). Cellular imaging was achieved using a BD Path-





9.1.1 Step 1: Imide Formation
Synthesis
Figure 9.1: Reaction scheme of the rst step in the formation of the photo crosslinkable
monomer; x = 1,2,3
A method by Kuckling et al. [162] was adopted. Here, 5.00 g (39.7 mmol) maleic acid anhy-
dride are dissolved in 120 ml Toluene and 39.7 mol or the corresponding aminoalkanol (x=1 
aminoethonol, x=2  aminobutanol, x=3  aminohexanol) are added. The mixture is kept at
reux for 2 h at a water trap and the solvent is removed afterwards at reduced pressure. The
crude product is puried using ash chromatography with a n-hexane / ethyl acetate (50:50
vol-%) mixture and gives a white solid in 98 % yield.
Products
Figure 9.2: Structures of 1-(2-hydroxyethyl)-3,4-dimethyl-1-H-pyrrole-2,5-dione (left, C2 -
precrosslinker), Structure of 1-(4-hydroxybutyl)-3,4-dimethyl-1-H-pyrrole-2,5-dione
(middle, C4 - precrosslinker) and 1-(6-hydroxyhexyl)-3,4-dimethyl-1-H-pyrrole-2,5-
dione (right, C6 - precrosslinker)
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C2 - Precrosslinker Shown with x = 1 in gure 9.1 and on the left in gure 9.2.
Analytical Data:
Rf (Ethyl acetate / n-Hexane 1:1): 0.3
1H - NMR: 1.98 (s, 6 H); 2.32 (b, 1H); 3.70 (t, J = 5.2 Hz, 2 H); 3.77 (t, J = 4.9 Hz, 2 H).
13C - NMR: 8.66 (2 CH3); 40.80 (CH2); 61.10 (CH2); 137.27 (2 C); 172.59 (2 C).
C4 - Precrosslinker Shown with x = 2 in gure 9.1 and in the middle in gure 9.2.
Analytical Data:
Rf (Ethyl acetate / n-Hexane 1:1): 0.45
1H - NMR: 1.60 (m, 4 H); 1.86 (s, 3 H); 1.89 (s, 6 H); 3.46 (t, J = 5.9 Hz, 2 H); 4.08 (t,
J = 5.6 Hz, 2 H); 5.44 (1 H); 6.08 (1 H).
13C - NMR: 8.45 (2 CH3); 24.99 (CH2); 29.55 (CH2); 37.44 (CH2); 61.90 (CH2); 136.93 (2
C); 172.19 (2 C).
C6 - Precrosslinker Shown with x = 3 in gure 9.1 and on the right in gure 9.2.
Analytical Data:
Rf (Ethyl acetate / n-Hexane 1:1): 0.55
1H - NMR: 1.28  1.33 (m, 2 H); 1.36  1.42 (m, 2 H); 1.45 (s, 1 H); 1.52  1.61 (m, 4 H);
1.95 (s, 6 H); 3.47 (t, J = 5.2 Hz, 2 H); 3.62 (t, J = 4.8 Hz, 2 H)
13C - NMR: 8.50 (2 CH3); 25.06 (CH2); 26.31 (CH2); 28.49 (CH2); 32.40 (CH2); 37.62
(CH2); 62.48 (CH2); 136.91 (2 C); 172.23 (2 C)
9.1.2 Step 2: Esterication
Synthesis
Figure 9.3: Reaction scheme of the second step in the formation of the photo crosslinkable
monomer; x = 1,2,3
A method by Armes et al. [65] was adopted and altered slightly. Here, 11.8 mmol maleic imide
are dried in vacuum and then set under a nitrogen atmosphere. 100 ml dry THF are added
and the ask is cooled with ice. 1.85 g (17.7 mmol) methacryloyl chloride are dissolved in 3
ml dry THF before they are added to the mixture. After 2.10 g (18.3 mmol) dry triethylamine
are added, the mixture becomes gloomy and the ice is removed. The reaction is carried out
for 2 h at 40 °C and aborted by pouring the reaction into water. The water is extracted three
times with ethyl acetate. All organic phases are dried over magnesium sulfate, the solids are
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removed and the solvent is removed at reduced pressure. The crude product is puried using
ash chromatography with a n-hexane / ethyl acetate (67:33 Vol-%) mixture to give a colorless
oil in 78 % yield.
Products
Figure 9.4: Structures of 2-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl-2-
methylprop-2-enoate (C2 - crosslinker, left), 4-(3,4-dimethyl-2,5-dioxo-2,5-
dihydro-1H-pyrrol-1-yl)butyl-2-methylprop-2-enoate (C4 - crosslinker, middle) and
6-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexyl-2-methylprop-2-enoate
(C6 - crosslinker, right)
C2 - Crosslinker Shown with x = 1 in gure 9.3 and on the left in gure 9.4.
Analytical data:
Rf (Ethyl acetate / n-Hexane 1:2): 0.45
1H - NMR: 1.85 (s, 3 H); 1.93 (s, 6 H); 3.77 (t, J = 5.2 Hz, 2 H); 4.22 (t, J = 5.36 Hz, 2
H); 5.49  5.52 (m, 1 H); 6.00  6.03 (m, 1 H).
13C - NMR: 8.67 (2 CH3); 18.19 (CH3); 36.84 (CH2); 61.99 (CH2); 126.03 (2 C); 135.85
(C); 137.35 (CH2); 167.05 (C); 171.78 (2 C).
C4 - Crosslinker Shown with x = 2 in gure 9.3 and in the middle in gure 9.4.
Analytical data:
Rf (Ethyl acetate / n-Hexane 1:3): 0.50
1H - NMR: 1.60 (m, 4 H); 1.86 (s, 3 H); 1.89 (s, 6 H); 3.46 (t, J = 5.9 Hz, 2 H); 4.08 (t,
J = 5.6 Hz, 2 H); 5.44 (1 H); 6.08 (1 H).
13C - NMR: 8.51 (2 CH3); 18.15 (CH3); 25.24 (CH2); 25.90 (CH2); 37.35 (CH2); 63.92
(CH2); 125.25 (CH2); 136.24 (C); 137.01 (2 C); 167.26 (C); 172.10 (2 C).
C6 - Crosslinker Shown with x = 3 in gure 9.3 and on the right in gure 9.4.
Analytical data:
Rf (Ethyl acetate / n-Hexane 1:4): 0.40
1H - NMR: 1.30 (m, 2 H); 1.38 (m, 2 H); 1.56 (m, 2 H); 1.64 (m, 2 H); 1.92 (s, 3 H); 1.94
(s, 6 H); 3.46 (t, J = 5.6 Hz, 2 H); 4.10 (t, J = 4.7 Hz, 2 H); 5.52  6.06 (m, 2 H)
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13C - NMR: 8.47 (2 CH3); 18.13 (CH3); 25.43 (CH2); 26.24 (CH2); 28.34 (CH2); 28.42




Figure 9.5: Reaction scheme for PEG-Br macroinitiator formation
A Method from Armes et al. [65,79] was adopted (gure 9.5). Here, 5.00 g (2.5 mmol)
PEG45-OH are dried in a ask at vacuum and 60 °C for 30 min. The ask is ushed with
nitrogen before 50 ml dry THF are added. 1.43 g (6.25 mmol) 2-bromoisobutyric acid bromide
is dissolved in 3 ml dry THF before added to the solution. The ask is now cooled with ice
and 0.38 g (3.75 mmol) dry triethylamine are added. The gloomy mixture is stirred for 40 h
at room temperature. The nal macro initiator is precipitated in CO2-cooled ether and three
times recrystallised in ethanol until a white solid is obtained. Yield: 74 %.
Analytical Data:
1H - NMR: 1.93 (s, 6 H); 3.37 (s, 3 H); 3.63 (180 H).
13C - NMR: 30.73 (2 CH3); 58.96 (C); 65.08 (CH3); 70.53 (CH2); 171.54 (C).
9.2.2 Synthesis of PEG-PDEAEM (no Crosslinker)
Figure 9.6: Reaction Scheme of the PEG-PDEAEM block copolymer formation via ATRP
A method by Weaver et al. [63] (gure 9.6) was adopted. Here, 220 mg (0.1 mmol) PEG45-Br
and 32 mg 2,2'-bipyridine (0.2 mmol) are mixed in a ask and dried for 5 min in vacuum and
ushed with nitrogen. Then 15 mg (0.1 mmol) CuBr are added and another 30 min dried in
vacuum and again ushed with nitrogen. In an additional ask 1.52 g (9.22 mmol) diethy-
laminoethylmethacrylate are dried 30 min in vacuum and also ushed with nitrogen afterwards.
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This monomer is then dissolved in 3 ml 2-butanone and the solution degassed and added to
the solids afterwards. The mixture is stirred for 17 h at 50 °C. To abort the reaction, it is
diluted in 3 ml THF and with additional THF ltrated over activated neutral aluminium oxide
to remove any copper species. From the resulting gloomy solution the solvent is removed at
reduced pressure. The crude product is washed with n-hexane and water before it is dried in
vacuum to give a sticky polymer. Yield: 63 %
Analytical data:
1H - NMR: 0.85 - 0.98 (m, 2 H), 0.99 - 1.11 (m, 3 H), 1.55  2.08 (m, 3 H), 2.28 (s, 6 H),
2.51 - 2.64 (m, 4 H), 2.65 - 2.79 (m, 2 H), 3.39 (s, 3 H), 3.65 (s, 2 H), 3.93  4.12 (m, 2 H)
13C - NMR: 12.19 (2 CH3), 25.60 (CH2), 30.32 (CH3), 44.72 (C), 45.14 (CH3), 47.67 (CH2),
50.53 (CH2), 63.26 (CH2), 67.49 (CH3), 70.58 (CH2), 177.31 (C=O)
9.2.3 Synthesis of Polymer with Crosslinker
Figure 9.7: Reaction scheme of the block-coplymer formation, including the crosslinker.
Here, PEG45-Br (220 mg; 0.1 mmol) and 2,2'-bipyridine (32 mg; 0.2 mmol) are mixed in a
ask and dried for 5 min in vacuum and ushed with nitrogen (gure 9.7). Then CuBr (15 mg;
0.1 mmol) are added and another 30 min dried in vacuum and again ushed with nitrogen. In
an additional ask diethylaminoethylmethacrylate (1.52 g; 9.22 mmol) and the corresponding
amount of the crosslinker monomer (10 or 20 mol-%) are dried 30 min in vacuum and also
ushed with nitrogen afterwards. This monomer is then dissolved in 3 ml 2-butanone and the
solution degassed and added to the solids afterwards. The mixture is stirred for 17 h at 50 °C.
To abort the reaction, the mixture is diluted in 3 ml THF and with additional THF ltrated over
activated neutral aluminium oxide to remove any copper species. From the resulting gloomy
solution the solvent is removed at reduced pressure. The crude product is washed with n-hexane
and water before it is dried in vacuum to give a sticky polymer. Yield: 60 %
C2-Spacer in Crosslinker Analytical data:
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1H - NMR: 0.75 - 0.96 (m, 2 H), 0.98 - 1.11 (m, 3 H), 1.69 - 1.97 (m, 3 H), 1.97 - 2.07 (m,
3 H), 2.28 (s, 6 H), 2.51 - 2.64 (m, 4 H), 2.65 - 2.79 (m, 2 H), 3.39 (s, 3 H), 3.65 (s, 2 H),
3.70 - 3.84 (m, 2 H) 3.93  4.12 (m, 2 H)
13C - NMR and DEPT: 8.73 (CH3), 12.19 (2 CH2), 25.60 (CH2), 30.32 (CH), 44.72 (C),
45.14 (CH3), 47.67 (CH2), 50.53 (CH2), 50.58 (CH2), 63.26 (CH2), 67.49 (CH3), 70.58 (CH2),
137.42 (C), 177.31 (C=O)
C4-Spacer in Crosslinker Analytical data:
1H - NMR: 0.75 - 0.96 (m, 2 H); 0.98 - 1.11 (m, 3 H); 1.69 - 1.97 (m, 3 H); 1.97 - 2.07 (m,
3 H); 2.28 (s, 6 H); 2.51 - 2.64 (m, 4 H); 2.65 - 2.79 (m, 2 H); 3.39 (s, 3 H); 3.65 (s, 2 H);
3.70 - 3.84 (m, 2 H); 3.93  4.12 (m, 2 H).
13C - NMR and DEPT: 8.73 (CH3); 12.19 (2 CH3); 25.60 (CH2); 30.32 (CH3); 44.72 (C);
45.14 (CH3); 47.67 (CH2; 50.53 (CH2); 50.58 (CH2); 63.26 (CH2); 67.49 (CH3); 70.58 (CH2);
137.42 (C); 177.31 (C=O).
C6-Spacer in crosslinker Analytical data:
1H - NMR: 0.80  0.96 (m, 3 H); 0.96  1.09 (m, 6 H); 1.27  1.39 (m, 2 H); 1.53  1.62
(m, 2 H); 1.72  1.93 (m, 2 H); 1.93  1.97 (m, 6 H); 2.51  2.62 (m, 4 H); 2.64  2.74 (m,
2 H); 3.38 (s, 3 H); 3.44  3.5 (m, 2 H); 3.61  3.66 (m, 2 H); 3.85  3.95 (m, 2 H); 3.90 
4.10 (m, 2 H)
13C - NMR: Due to impurity of the compound, the data could not be obtained in an acceptable
quality
9.3 Polymersome Formation
9.3.1 Vesicle Formation in Deionized Water
A solution of 0.2 weight-% polymer C2-10, C2-20, C4-10 or C4-20 in acid (pH = 2) water
(previously deionized) is prepared and stirred until the whole polymer is dissolved. The nal
solution is passed through a 0.2 µm nylon lter to remove any remaining particles, including
dust. Now, 1 M NaOH is added through a 0.2 µm nylon lter until pH 10 is reached. When
vesicles are formed, the solution becomes gloomy. The vesicles were characterized using DLS.
9.3.2 Vesicle Formation in Phosphate Buered Saline (PBS)
A solution of 0.4 weight-% polymer C2-10, C2-20, C4-10 or C4-20 in acid (pH = 2) water
(previously deionized) is prepared and stirred until the whole polymer is dissolved. The nal
solution is passed through a 0.2 µm nylon lter to remove any remaining particles, including
dust. This solution is now mixed with an equal amount of 0.01 M PBS buer solution (prepared
using PBS buer Tablets). Now, 1 M NaOH is added through a 0.2 µm nylon lter until




9.4 pH Sensitive Behavior of the Polymersomes
9.4.1 pH Titration of Vesicles
A stock-solution of crosslinked polymersomes was titrated automatically connected to a DLS
measurement cell where data were collected after the pH value remained constant. The starting
pH was at 9.5 and the sample was titrated in 0.25 pH steps until pH 4 was reached. Titrant
was a 0.05 M NaOH solution, which was taken stored in stock previously.
9.4.2 Reversible Swelling Process
To various polymersome solutions described as above mentioned, little amounts of 1M HCl or
1M NaOH were added to reach pH 3 or 10, respectively. This cycle was repeated 5 times.
Whether the amount of added material was enough was determined through visual inspection
(change in turbidity of the solution) Results from swelling and deswelling experiments are
presented in gure 3.9.
9.5 Synthesis of PEI-Mal Molecules
For the encapsulation experiments with PEI-Mal 5 and PEI-Mal 25 in polymersomes, we have
used positively charged maltose-decorated poly(ethylene imine) with PEI core of 5000 Da (PEI-
Mal 5) and 25000Da (PEI-Mal 25). PEI-Mal 5 and PEI-Mal 25 possess an open maltose
shell which is nally described as structure B in reference 4 in SI. PEI-Mal 5 and PEI-Mal 25
were synthesized and characterized as previously described previously. [145] We marked these
molecules as follows. 0.8 mg of FITC were dissolved in 0.2 ml DMSO. Then, 40 mg PEI-Mal 5
or PEI-Mal 25, respectively, were dissolved in 1 ml deionized water. Both solutions were mixed
and stirred overnight. Non-bound FITC was removed using column chromatography with 6 g
of Sephadex-25 and bi-distilled water as eluent. Non-bound FITC was recovered on column




A solution of vesicles is placed in the UV chamber and irradiated for the time mentioned (main
text and tables). This procedure results in stock solutions of crosslinked polymersomes used for
further experiments. This is valid for both sources of UV irrradiation mentioned the main text
and section 8.2. For the spot curing system, the sample was placed in such manner that the
lamp was 0.5 cm above the solution to reach ecient crosslinking. For the UVA Cube, no special
place on the oor of the chamber needed to be chosen, since the chamber contains reectors on
all sides of the chamber. Within the chamber, several samples could be crosslinked in parallel,
while this was not possible for the spot curing system. The crosslinking was performed in
batches of 2.0 ml solutions in small glass vials of standard glassware for chemicals, which were
of round shape with a diameter of 1.5 cm.
10.2 Electroformation
To a solution of 0.2 weight-% Polymer in 2 ml choloroform 1 µl of bodipy-chol (green dye) is
added. 10 µl of this solution are slowly spread upon an indium-tin oxide (ITO) coated coverslide,
resulting in a thin polymer lm. This crystal is covered with another ITO coated slide and the
resulting chamber is lled with Millipore® water. Both crystals are equipped with copper
sheets, which are connected to a power supply. The vesicles are grown at 3V. The frequency of
the alternating current is kept at 10 Hz for 30 minutes, at 5 Hz for the following 30 minutes,
and during the following hour kept at 0.6 Hz. Parallel, a solution 20 ml Millipore® water with
1 µl Cy-5 mono NHS ester (red dye) is prepared. After imaged at a LSCM, the chamber is
poured with the solution of the red dye and the vesicles are again imaged at LSCM, as described
previously.
10.3 Encapsulation Methods
10.3.1 Encapsulation of Rhodamine B
To a stock solution containing crosslinked polymersomes with 10 or 15 mol-% crosslinker an
equal volume of rhodamin B-solution (c = 4 mg/l) is added. This mixture is titrated with
1 M HCl to obtain pH 4 and stirred for 5 h. The non-encapsuled rhodamin B is removed
by dialysis against a membrane with MWCO = 25000 for 3 days. The same procedure was
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carried with pure water instead of the polymer solution for a control experiment. After the time
points mentioned in the main text and gures, samples were taken and analysed using UV-Vis
spectrometry.
10.3.2 Encapsulation of PEI-Mal
For that purpose the copolymer is dissolved as described above and then 1 mg of PEI-Mal
are added to 10 ml of the solution. Subsequently, the vesicles were created and crosslinked
as described above using the spot curing system. The solution is now to be cleaned from
any non-enclosed PEI-Mal using the HFF system as described above until the UV-Vis control
measuremens gave a steady signal and from PEI-Mal as shown below which leaves the vesicles.
10.3.3 Encapsulation of Myoglobin
10 mg of Polymer are dissolved in 2 ml water at pH 1.5, while 1 mg of myoglobin was dissolved
in 4 ml of 0.1 M phosphate saline buer. Both solutions were combined and the pH adjusted
to pH 8 by adding 0.1 M NaOH slowly. The solution was stirred for 3 days and crosslinked
for 30 s as described previously. This mixture was cleaned from non-enclosed myoglobin using
hollow bre ltration (described previously, 200 mbar TMP) for the time necessary to clean
samples containing PEI-Mal 25000. An aliquote of 400 µl was used for the following activity-
experiments. One aliquote was taken at once, while two next ones were taken after a pH switch
to pH 6 (1 aliquote) and back to pH 8 (1 aliquote) was conducted. For an activity experiment,
the sample was treated with 8 µl of 0.1M guaiacol (solution in 0.1 M PBS). The sample was
left for 3 minutes and the UV monitoring started afterwards and data points were recorded
every 30 s. After another 2 minutes, 4 µl of 1M H2O2 (solution in 0.1M PBS) was added.
10.3.4 Cleaning Methods
Cleaning Using Dialysis
4 ml of the polymersome solution are transferred into a dialysis tube (MWCO 300 kDa), which
is sealed afterwards. The solution is dialyzed against pH = 8 water, which was changed three
times a day. The dialysis is nished, as no change in UV-Vis absorption at 500 nm is observed (2
days for PEI-Mal 5, 3 days for PEI-Mal 25, 500 nm is the absorption maximum of the ourescin
dye used for labelling)
Cleaning Using Hollow Fiber Filtration
1.5 ml of the polymersome solution are diluted to 6.0 ml with pH = 9 water after that to
measure the initial UV spectrum of FITC-labelled PEI-Mal 5 and PEI-Mal 24 enclosed and non-
enclosed in the polymersomes (Polymer-concentration: 0.5 mg / ml). Afterwards, the solution
is transferred into a 30 ml cone tube, which is attached to the hollow bre ltration system.
The tube is lled with pH = 9 water afterwards. During the extraction process, the cone tube
is constantly relled with pH = 9 water, since extracted waste constantly leaves the system.
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To take samples, the extraction is continued and the uid level is lowered until 5.0 ml remain
in the cone tube. When acidic conditions are of interest, pH = 4 water is used instead of pH
= 9 water
The cleaned probes were then investigated by UV-Vis spectroscopy, DLS and TEM and the
procedure was repeated, until no change in the UV-Vis absorption at 500 nm was noted (gure
10.1). No change in the corresponding spectra shows no enclosure and a stable enclosure of
the glycopolymers PEI-Mal 5 or PEI-Mal 25, respectively. gure 10.1 shows the development
of the UV-Vis spectra to undermine the conclusions shown in gure 5.4 of the main text.
10.4 Atomic Force Microscopy (AFM)
The lms for this study were prepared from pre-formed polymersomes, which prepared as de-
scribed above. Silica wafers of 1.0 cm x 1.0 cm were plasma-cleaned for 120 seconds and
fortied using two-side glue tape. Now, 2 ml of the polymersome solution were put onto the
wafer and 15 s waited to get small spots for height evaluation (20 s for samples bound for
acidication), 30 s incubation time were used for samples with E-module determination. After
the time elapsed, the polymersome solution was removed and pH 9 solution added. Just before
the AFM measurement the procedure was repeated for basic samples. For acidic samples, the
pH 9 solution was removed and pH 5 solution added.
The AFM measurements were conducted in peak force tapping (heights) / quantitative nano
mechanical analysis (E-module) mode. The E-module was calculated with an internal algorithm
using a Derjaguin-Müller-Toporov model (modied hertz model [115])
10.5 Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM): samples were mounted on precoated carbon-coated
copper grids. These grids were submerged for 1 min into the copolymer solution (using solutions
as described below), the residual solution removed the grid and then in phosphotungstic acid
(PTA) water solution (0.75 % w/w) 5 s to stain the sample. Again, residual staining was
removed from the grid (fast!). The grids were stored and micrographs taken at the instrument
mentioned in section 8.2.
10.6 Cell Viability Test (MTT Assay)
The MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) assay was used
to measure cellular metabolic potential of treated cells after polymersome treatment. In brief,
34 Ö 104 HDF or HeLa cells were cultured per well in 24 well plates until 70% conuence
(typically 48 h). Cells were incubated for 24 h with varying concentrations of the polymersomes
solutions. Polymersomes solution was prepared for dierent protocols as indicated in the main
paper (gure 2). Then they were tested to determine the eect on cellular viability. After
treatment, cell cultures were thoroughly washed in PBS and then incubated with MTT solution
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(0.5 mg/ml MTT in PBS, 1 ml per well of 24 well plate) for 45 minutes at 37 °C and in
a 95% air / 5% CO2 environment. Intracellular dehydrogenase activity reduces MTT to a
purple-coloured formazan salt. After 45 minutes, the solution was aspirated and the insoluble
intracellular formazan product was solubilised and released from cells by adding acidied iso-
propanol (0.3 ml per well of 24 well plate or 1 ml / cm2 cultured tissue) and incubated for 10
min. The optical density at 570 nm was then measured (with a reference lter at 630 nm) using
a plate reading spectrophotometer. For statistical analysis (Student's t-test), experiments were
performed in triplicate wells with a total of N=3 independent experiments.
10.7 Cellular Uptake Analysis
10.7.1 Quantitative Analysis (FACS)
HDFs cells were seeded at a density of 34 Ö 104 and cultured in 24 wells for two days
until 70% conuence. Cells were then treated with rhodamine B labeled polymersomes at a
concentration of 1 mg/ml in normal cell medium. Uptake kinetics of polymersomes by the
cells over 24h was then monitored at dierent time points by ow cytometry. Briey, cells
were washed twice with PBS following the treatments and then detached using trypsin-EDTA
solution. Afterwards, cells were pelleted, resuspended and plated in 96 well plates in cold PBS
in preparation for automated sampler ow analysis using BD FACSArrayTM bioanalyzer. A
total number of 10,000 events (cells) per sample were assayed for rhodamine B detection.
Intracellular rhodamine B uorescent molecules were subsequently energized with a green (532
nm) laser and their signals, along with particle-scattered light, were detected (yellow parameter
564 nm), and then processed, by BD FACSArray electronics. Flow data were collected from
N=3 independent experiments and population mean values (+/- SEM) were represented.
10.7.2 Qualitative Analysis (Imaging)
Cells were seeded at a density of 5 Ö 103 cells/well in BD Falcon 96-well imaging plates and
grown until 50% conuence. Cells were treated with 1 mg/ml of PEI-Mal encapsulated C4-20
polymersomes overnight (typically 16h). The cells were nally washed three times with 0.01
molar PBS buer and, nally, Hoechst 33342 solution (Thermo Scientic, UK) was added at
1µg/mL for 5 minutes as a live imaging nuclear counterstain. Stained cells were imaged with
the microscope mentioned in section 8.2
10.8 Fluorescence Recovery After Photobleaching (FRAP)
The lms for this study were prepared from pre-formed polymersomes, which prepared as de-
scribed above. Glass cover slides of 1.5 cm x 1.5 cm were plasma-cleaned for 120 seconds and
equipped with 0.5 ml tubes by glueing (ground space approxemiately 0.25 cm2). Now, 200 µl
of the polymersome solution were put onto the glass lide and incubated for the time mentioned
in the main text. After the time elapsed, the polymersome solution was removed and pH 9
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solution added. For staining reasons, 1 µl of the an Atto647N stock solution (0.01 mg/ml in
methanol) was added afterwards. The basic solution containing the staining was removed after
20 minutes and the solution washed 3 times with pH 9 water. After the third wash, the dye
200 µl of pH 9 water was added and the pictures taken. For FRAP measurements, a certain
area was bleached using a 633 nm laser and the nal pictures taken using a reading spectrum
of < 650 nm after the beam splitter. Now, images were taken every 60 s. For crosslinking, the
sample was placed in the UV spot curing system mentioned above and irradiated for 60 s. After
irradiation, FRAP was repeated as previously mentioned. Acidication was reached by removing
the solvent and adding pH 5 water. The solution was now removed for washing reasons and
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Figure 10.1: UV-Vis spectra showing pressure dependent release of PEI-Mal 5 from crosslinked
and non-crosslinked polymersomes. UV-Vis Spectra support the results presented




1.1 Polymersomes may be seen as the polymer analogue to liposomes, which are
found in biological cells. Both consist of amphiphilic molecules, which are able
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1.2 Amphiphilic block copolymers form dierent structures with increasing length
of the hydrophobic segment. The resulting curvature forces the formation of
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1.3 Structures of the most commonly used hydrophilic segments: PEG, PMOXA,
PAA, PMPC and PIAT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Structures of commonly used polymers within the hydrophobic segment. While
PDMS, PS and PBD have no additional functionality, PLA and PCL are slowly
biodegradable. The temperature sensitive PNIPAM, the pH sensitive P2VP,
PDPAEM, PDEAEM and the oxidizable PPS are able to switch to a hydrophobic
state. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Structure of crosslinkable polymers (top) and their crosslinked counterparts (be-
low). The crosslinking agents are as follows: PTMSPMA: Water for hydrolysis,
PGlyMA: Bifunctional amine, PCEMA and PBMA: UV light. . . . . . . . . . . 7
1.6 Anionic polymerization to yield PEG-PEE. In a rst step, butadiene is polymer-
ized to yield PBD37-OH, which gets hydrogenated to PEE37-OH. Within the
second step, ethylene oxide is polymerized onto PEE37-OH in an anionic ring
opening polymerization to yield the nal PEE37-PEG40 or PEG40-PEE37.
[18,71] . 8
1.7 Synthesis of PMOXA19-PDMS62-PMOXA19 terpolymer to form polymersomes.
PDMS is commercially available and converted to the triat macroinitiator on
both ends, which reacts in an cationic ring opening polymerization to the nal
terpolymer. (R = polymeric residue) [42,73] . . . . . . . . . . . . . . . . . . . . 9
1.8 General mechanism of the Atom transfer radical polymerization (ATRP) poly-
merizing a methacrylate derivative and copper as a metal used. The ligated
copper is intermediately oxidized from Cu(I) to Cu(II), taking the end cap of
the dormant polymerization species. The active species is a radical, but only
present for a short time in this form. . . . . . . . . . . . . . . . . . . . . . . . 10
1.9 Forming an amphiphilic block copolymer using ATRP from initial PEG (MeO-
PEG45-OH) via an PEG45-Br macroinitiator to form the nal PEG45-PDEAEM81,
which is able to form polymersomes. [63,77] . . . . . . . . . . . . . . . . . . . . 11
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1.10 Procedures to form polymersomes from the initial block copolymers. Within
solvent inversion, lm rehydration and electroformation the polymer is prevously
dissolved in an organic solvent and formed into polymersomes after water is
applied onto the system. In contrast, pH sensitive polymers are dissolved in
acidic water and polymersomes are formed by a switch to acidic conditions. . . 12
1.11 HFF system: Picture and schematic overview of the working principle. The
arrows show the ow direction within the HFF circuit. [97] . . . . . . . . . . . . 15
1.12 Principle of a LSCM microscope. The pinhole in front of the detector cuts o
any light out of the focal plane. . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.13 Chemical background of the MTT assay. MTT is reduced by mitochondrial
reductase of living cells. The reductive formazane derivative can be detected
using UV-Vis spectrometry at 565 nm. . . . . . . . . . . . . . . . . . . . . . . 17
1.14 Sample images resulting from FACS analysis, the sorting plot reveals cell popu-
lations present, while the uorescence intensity plot shows the uptake of uores-
cent cargo. The white line in the 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beyond this line is shown in green color. . . . . . . . . . . . . . . . . . . . . . 18
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1.16 Membrane uidity assessed using FRAP measurements. In 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uid membranes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.17 A 3-enzyme cascade reaction using non-crosslinked polymersomes. While CalB
is present in the solution, HRP is included in the polymersome membrane (model
transmembrane protein) and GOx is internalized. Now, CalB catalyzes the hy-
drolysis of acetate-protected glucose to produce pure glucose, which is now used
by Gox to produce oxidized glucose as well as hydrogen peroxide. The peroxide
can now be used to oxidize ABTS, catalyzed using HRP. . . . . . . . . . . . . 23
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vesicles to disassemble and crosslinked ones to swell. . . . . . . . . . . . . . . . 24
1.19 Polymersomes of polymers with dierent hydrophobic parts (here: PEG and
PMPC). Once the vesicle is formed, they separate to form patchy polymer-
somes. Reproduced with the kind permission of the Royal Society of Chemistry [4]. 25
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1.20 Clickable polymersomes are produced on the basis of an PS150-PAA(t-Bu)20-Br
block copolymer accesible via ATRP. The bromine residue of the ATRP process
is replaced for an azide group to yield PS150-PAA20-N3 after the tert-butyl ester
is cleaved. After self-assembly into the 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with azide functionalities which will be able to perform a click reaction with the
dansyl derivative introduced. A surface-functionalized polymersome is the result
of this procedure. The surface-functinalized polymersomes are reproduced with
the kind permission of the Royal Society of Chemistry. [52] . . . . . . . . . . . . 26
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crosslinked with UV light afterwards. Now, catalytic activity of the enzyme can
only be monitored at pH 6 or lower and not at pH 8 or higher. Other than that,
the bilayer itself is to be examined as well as the biocompatibility of the vesicles. 28
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3.3 Synthesis of the macroinitiator (esteri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3.4 1H-NMR spectrum of PEG-b-PDEAEM-s-PDMIEM with all peaks labeled to
the corresponding groups in the molecule. . . . . . . . . . . . . . . . . . . . . 34
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3.8 Polymersomes formed of dierent polymers showing a pH dependent swelling
after crosslinking, including TEM pictures of swollen and unswollen C4-20 of
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ned as the
pKa of the polymersome. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
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3.9 Reversible swelling upon repeated pH switches for all polymers examined (peak
diameters as given by DLS). Since all show a reproducible swelling, the crosslink-
ing is thorough. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.10 Microscopic images of C2-10 polymersomes created using electroformation; (a)
bright eld image (all other LSCM images), (b) image after vesicle formation,
green hydrophobic dye, (c) same spot, now red hydrophilic dye visible, (d)
overlay of both images revealing vesicles being sealed towards diusion and
perfect overlay of both dyes, (e) giant vesicle (over 100 µm) with overlay of
both dyes, (f) the shape of the vesicle is indicated as inset in the image (a). . . 43
3.11 Overview on the polymer synthesis and the functionalities of the nal amphiphilic
block copolymer. The parts of the amphiphilic character and additional func-
tionalities of the hydrophobic block (pH sensitivity and crosslinking) are shown.
Polymersome pictures indicate the result of crosslinking (red dashes symbolize
crosslinked units) and pH sensitivity (reversible swelling upon protonation). . . . 44
4.1 Scheme, how polymer bilayers are deposited on a plasma-cleaned surface (O-
present). Pre-formed polymersomes (of C4-20 polymer) are transferred to such
a surface, where they spread to give a single polymer layer on the surface which
can then support the desired supported bilayers (multiple layers expectable) as
a tethered bilayer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2 AFM images of polymer islets deposited on plasma-cleaned surface at pH 9.
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le was mea-
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and 8.5 (lines 4-6), the red lines indicate, where the membrane thickness was
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and the results visualized in a histogram (c) for each condition. . . . . . . . . . 52
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